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Zusammenfassung

Zur vollstandigen Beschreibung und Auslegung thermodynamischer Prozesse
ist die Kenntnis der Stoffeigenschaften aller beteiligter Substanzen unbed-
ingt notwendig. Wahrend die Gleichgewichtseigenschaften bereits gut ver-
standen sind, fehlt es immer noch an einer handlichen Beschreibung der Trans-
portgrofien.

Hier kann die Entropieskalierung Abhilfe schaffen, welche eine vielversprechend
einfach erscheinende Methode zur Korrelation und Vorhersage von Trans-
portgréfien realer Reinstoffe und Mischungen ist. In der Literatur ist die En-
tropieskalierung bereits als stabiles Konzept fiir die Viskositét n realer Stoffe
bekannt, auch fiir stark nichtsphérische oder wasserstoffbriickenbildende Mole-
kiile. In dieser Arbeit wird untersucht, ob die Methode auch auf Warmeleit-
fahigkeit A und Selbstdiffusion D® von Reinstoffen Anwendung finden kann.
In Ubereinstimmung mit dem Ansatz von Y. Rosenfeld [Phys. Rev. A 1977,
15, 2545-2549], zeigt sich eine monovariable Abhéngigkeit von A und D® realer
Stoffe von der residuellen Entropie, nachdem beide in geeigneter Weise dimen-
sionslos gemacht wurden. In dieser Arbeit werden geeignete Referenzgrofien
fiir beide Transporteigenschaften vorgeschlagen, um die Transportkoeffizien-
ten von Reinstoffen mit Hilfe der Perturbed-Chain Polar Statistical Associat-
ing Fluid Theory (PCP-SAFT) Zustandsgleichung zu berechnen. Wir zeigen
gutes Korrelationsverhalten fiir Wasser und mehr als 130 organische Reinstoffe
diverser chemischer Familien, darunter lineare und verzweigte Alkane, Alkene,
Aldehyde, Aromaten, Ether, Ester, Ketone, Alkohole und Séuren. Beide Mod-
elle (A und D°®) zeigen eine zufriedenstellende Robustheit gegeniiber Extrap-
olation zu Zustandspunkten mit einem grofleren Abstand zu experimentell
vorhandenen Daten.

Darauf aufbauend entwickelten wir einen gruppenbeitragsbasierten Ansatz zur
pradiktiven Berechnung von Warmeleitfahigkeiten. Die residuelle Entropie
stammt hier aus der gruppenbeitragsbasierten PCP-SAFT Zustandsgleichung.
Der entwickelte Ansatz ist fiir alle fluiden Zusténde organischer Substanzen
in weiten Temperatur- und Druckbereichen geeignet. Wir schlagen Parameter
fiir 29 chemische Gruppen vor, fiir die experimentelle Daten zu 231 Stoffen
mit mehr als 50.000 Datenpunkte ausgewertet wurden.
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Abstract

For a complete description and design of thermodynamic processes, knowledge
of the properties of all substances involved is absolutely necessary. While the
equilibrium properties are already well understood, there is still a lack of a
handy description of the transport properties.

Entropy scaling is an intriguingly simple approach for correlating and pre-
dicting transport properties of real substances and mixtures. As convincingly
documented in the literature entropy scaling is indeed a firm concept for the
shear viscosity of real substances, including hydrogen-bonding species and
strongly non-spherical species and for mixtures. In this thesis, we investigate
whether the entropy scaling approach is applicable for the thermal conductiv-
ity as well as the self-diffusion coefficients of pure substances. In accordance
with the entropy scaling approach proposed by Y. Rosenfeld [Phys. Rev. A
1977, 15, 2545-2549], we observe that the thermal conductivity A and the self-
diffusion coefficient D*® of real substances, once made dimensionless with an
appropriate reference expression, only depend on residual entropy. We pro-
pose suitable reference expressions for both properties (A and D®), to calculate
the coefficients of pure substances from entropy scaling using the Perturbed-
Chain Polar Statistical Associating Fluid Theory (PCP-SAFT) equation of
state. Good entropy scaling behavior is found for the entire fluid region for
water and more than 130 organic substances from various chemical families:
linear and branched alkanes, alkenes, aldehydes, aromatics, ethers, esters, ke-
tones, alcohols and acids. Models for both, thermal conductivity and self
diffusion coefficient, show satisfying robustness for extrapolating the coeffi-
cients to conditions rather distant from state points where experimental data
is available.

Additionally, I derived a predictive group-contribution method for thermal
conductivity based on entropy scaling. The excess entropy for this approach
is calculated using the group-contribution PCP-SAFT equation of state. The
model is applicable for gaseous phases and for liquid-phase conditions covering
wide ranges of temperature and pressure. By considering 231 substances with
more than 50,000 experimental data points I propose parameters of 29 chem-
ical groups, resulting in 6.17% average absolute deviation for all considered
data points.
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1 Introduction

In process engineering, knowledge about transport of mass, momentum and
energy is essential to design process equipment and to predict and optimize
processes. As an industry with high energy and material costs, there is a drive
to continuous optimization for reducing energy conversion and for maximizing
yield and selectivity. It is costly to experimentally optimize the processes
because of the high number of degrees of freedom, e.g. in process conditions.
In the last decades, numerical investigation of processes and design of process
equipment gained importance and nowadays are equally important in the
development and optimization process in process engineering [1].

The basis of numerical investigation of processes are the balances of mass,
momentum and energy. They are used to investigate the transport of mass,
momentum and energy. Within these balances, it is required to use consti-
tutive equations, e.g. linear relations between fluxes and driving forces. The
linear driving force approaches consist of a conduction coefficient and a lin-
ear driving force [2]. The coefficients of conduction or transport coefficients,
respectively, are the diffusion coefficients, shear viscosity and thermal conduc-
tivity. The corresponding linear driving forces are the gradients of chemical
potential, velocity and temperature. For numerical or analytic investigation of
transport, it is fundamental to know the transport coefficients to understand
and to model relevant transport processes, e.g. heat conduction in separation
units or chemical reactors.

The transport coeflicient viscosity is associated with the transport of momen-
tum. The viscosity represents the effective conduction of the dissipative part
of momentum transport [3]. The macroscopic effect of the viscosity is present
in many examples in process engineering, e.g. where pumps with different
power are needed to transport water, crude oil or a polymer melt through a
pipe.

Thermal conductivity is the transport coefficient corresponding to the trans-
port of energy, describing the ability of matter to transport thermal energy
("heat”) along a negative temperature gradient. In process engineering, the
size of heat exchange areas strongly depend on this property.

In the transport of matter, the diffusion coefficient is the corresponding trans-
port coefficient [4]. In process engineering, the diffusive behavior of a sub-
stance must be known to design the interior of columns to create the necessary
amount of contacting surface e.g. in an absorption process. Three different
types of diffusion coefficients are usually distinguished: the self-diffusion co-
efficient, the diffusion coeflicient in infinitely diluted solutions and the binary
diffusion coefficient. While the first two listed diffusion coefficients origin
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from a stochastic motion of a molecule in a fluid system, the binary transport
diffusion coefficient is driven by gradients in the chemical potential. The self-
diffusion coefficient describes the stochastic motion of a molecule surrounded
by molecules of the same substance without an external driving force. It can
be measured as the time correlation of the velocity of the molecule of interest.
The diffusion coefficient in infinitely diluted solutions describes the stochastic
motion of a single molecule of substance A in a volume consisting of molecules
of substance B without external driving force. The diffusion coefficients at
infinite dilution represent the limits of the binary diffusion coefficient. The
self-diffusion coefficient of a pure substance can be used to estimate binary
(transport) diffusion coefficients [5-9] and is therefore of major practical im-
portance.

1.1 State of the art in transport coefficient modeling

To reduce duplication, this section quotes and combines the introductions of:
M. Hopp, J. Gross: Thermal Conductivity of Real Substances from Ezxcess
Entropy Scaling Using PCP-SAFT, Ind.Eng.Chem.Res., 2017, 56, 15, 4527-
4538.

M. Hopp, J. Mele, J. Gross: Self-Diffusion Coefficients from Entropy Scaling
Using the PCP-SAFT Equation of State, Ind.Eng.Chem.Res., 2018, 57, 38,
12942-12950.

There! are several routes for calculating the thermal conductivity A of real
substances. Popular approaches for correlating or predicting thermal conduc-
tivities are developed for a certain range of conditions [9]. They are useful
for defined phases, i.e. certain ranges of thermodynamic conditions, and are
particularly suited for non-polar or moderately polar substances. Predicting
the transport properties of polar or associating substances remains difficult.
We can distinguish three methods for analytically estimating thermal conduc-
tivities: corresponding states approaches [10, 11]; description of the reduced
transport coefficients through another characteristic property, e.g. a charac-
teristic volume [12-18]; and approaches that achieve a collapse of experimental
values to universal lines for certain ranges [19-21].

Corresponding states approaches rely on a well described reference fluid. They
relate the thermal conductivity of the target substance to the properties of
the reference fluid. Models for the thermal conductivity often rely on the
viscosity 7 of the dilute-gas state of the target substance and on A of a reference
fluid [10]. Additional properties, such as the acentric factor of the target
substance may also be included. The reference fluid is not necessarily a real

TThe following paragraphs literally quote M. Hopp, J. Gross: Thermal Conductivity of
Real Substances from Excess Entropy Scaling Using PCP-SAFT, Ind.Eng.Chem.Res.,
2017, 56, 15, 4527-4538.



fluid - simple model fluids such as Lennard-Jones (LJ) fluids have also been
used [11].

Another approach is the rough-hard-sphere theory by Assael and Dymond [12—
18, 22]. These authors describe A as a function of temperature, the number
of carbon-atoms in the homologous series of n-alkanes, and the characteristic
volume of the substance. Their approach relies on the individual adjustment
of the characteristic volume for each group of substances. The characteristic
volume is expressed as a polynomial depending on the number of carbon
atoms. The rough-hard-sphere theory was shown to give accurate results for
pure dense fluids and some mixtures [12-18, 22].

Further approaches aim at establishing and using quasi-universal relationships
f. For these relationships f, a collapse of experimental data to a 'universal’
behavior is necessary. The collapse is achieved through an empirical scaling
in the general form a\ = f(8), where o and 8 are functions of temperature,
density, molecular mass, and critical point properties. Definition of « and
B vary between different authors [19-21]. The resulting quasi-universal re-
lationships f can easily be described through polynomials and lead to good
descriptions for a certain phase and for certain classes of substances, e.g. for
non-polar substances in gaseous phase at atmospheric pressure [19].

Beyond these three methods for devising models, highly accurate many-parameter
equations are available for selected pure substances [23, 24]. Such components
are usually chosen as reference fluids for corresponding states methods and
provide reliable results for the given substance in wide ranges of temperature
and pressure.

Other approaches adopt a molecular viewpoint, using the Green-Kubo equa-
tions or the kinetic gas theory. The Green-Kubo formalism formulates trans-
port properties as time integrals of autocorrelation functions [25-27]. The
thermal conductivity can be obtained by observing the autocorrelation of a
system’s instantaneous energy current. This is done in equilibrium molecular
dynamics simulations, which get more reliable and accessible due to the de-
velopment of better force fields [28-32]. In non-equilibrium simulations, the
thermal conductivity is calculated via Fourier’s law by measuring the temper-
ature gradient evolving due to an heat flux applied to the system [33, 34].
The kinetic gas theory provides a strong framework for developing predictive
methods for gaseous phases [35-38]. The full kinetic theory can approxi-
mately be solved e.g. by using substance-specific accurate (angle-dependent)
intermolecular potentials and so-called generalized cross-sections [35-37].

Thet self-diffusion coefficient of a pure substance is a transport property not
widely known, but is useful for estimating mutual (transport) diffusion coef-
ficients [6-9, 39]. The transport behavior of ions in ionic liquids was investi-

iThe following paragraphs literally quote M. Hopp, J. Mele, J. Gross: Self-
Diffusion Coefficients from Entropy Scaling Using the PCP-SAFT Equation of State,
Ind.Eng.Chem.Res., 2018, 57, 38, 12942—-12950.
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gated through self-diffusion by calculating the so-called haven ratio, a measure
for ionicity of ionic liquids [40]. Self-diffusion coefficients can also be useful
for correlating other properties, like for polymers, where a correlation be-
tween the bulk self-diffusion coefficient and their glass transition temperature
exists [41, 42].

Self-diffusion describes the average displacement of a marked molecule at time
t, from its initial position at time ¢ = 0. The displacement of molecules is
caused by thermal molecular motion in absence of external driving forces, i.e.
for a system in equilibrium. The self-diffusion coefficient of a pure substance
shows a rather complicated behavior concerning temperature and pressure
that makes it non-trivial to correlate or predict self-diffusion coefficients over
a wide range of conditions. The self-diffusion coefficient of a substance in a
mixture is often also referred to as tracer-diffusion coefficient. Pure substance
self-diffusion is the limit of tracer-diffusion when all but one component vanish.
Several routes can be taken for estimating self-diffusion coefficients. All ap-
proaches, however, are restricted to defined ranges in state space. One option
for calculating transport properties for low densities is the kinetic gas theory,
with the theory of Chapman and Enskog [43, 44] as the most prominent ap-
proach. Longuet-Higgins and Pople [45] parameterized a model applicable to
higher densities. Another route to calculate self-diffusion coefficients is given
by the reduced volume theory of Assael and Dymond [12-17, 46, 47]. In this
theory, a reduced volume is calculated using the so-called close-packed volume,
which depends on the number of carbon atoms in the molecule. The reduced
volume is subsequently combined with the transport property of a reference
fluid. The approach was originally derived for n-alkanes and was expanded
to other groups of substances and to mixtures. Other methods are based on
the rough hard sphere theory [48], such as the effective hard sphere diameter
method [49-51], or methods using simultaneous free-volume modeling [52, 53].
Of course, molecular simulations [54-57] can be used to determine transport
properties such as self-diffusion.

Yaakov Rosenfeld [58, 59], in 1977, showed that transport properties such as
shear viscosity, thermal conductivity and self-diffusion coefficients, if made
dimensionless in a suitable way, depend only (to excellent approximation) on
the residual entropy s"¢*. His considerations were limited to simple, mono-
atomic fluids. In subsequent work, it was seen however, that entropy scaling
also holds for molecular species with complex intermolecular interactions [60—
63], i.e. substances with larger molecular mass and with strongly shape non-
isotropic interactions or directional polar or hydrogen-bonding interactions
and for mixtures of such substances [64].

The' statistical mechanical backbone to entropy scaling is not yet completely

TThe following paragraphs literally quote M. Hopp, J. Gross: Thermal Conductivity of
Real Substances from Excess Entropy Scaling Using PCP-SAFT, Ind.Eng.Chem.Res.,
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understood. We find it interesting to note the closeness of isomorph theory
[65—67] to Rosenfeld’s entropy scaling. Some studies confirmed the mono-
variable correlation of transport properties with residual entropy for transport
properties determined from molecular dynamics simulations. This analysis
was done for the thermal conductivity of LJ-chain-fluids [33] and other fluids
with simple pair potentials [68]. Other molecular dynamics studies considered
the viscosities of polymeric LJ-fluids [69] or the translational and rotational
diffusivities and relaxation times of different systems [60, 61, 70]. For soft-
core model fluids, several studies reported anomalous behavior in entropy
scaling. For such fluids, the original Rosenfeld approach fails [71-73], but
entropy scaling still holds when an appropriate reference is chosen [62, 74, 75].
Thermal conductivity is found to be less affected from anomalous behavior
than viscosity or self-diffusion [71, 73]. Interestingly, entropy can be used to
predict the state conditions, where anomalous behavior of different properties
for soft core fluids can be expected [76].

Although Rosenfeld’s initial publication on entropy scaling appeared already
in 1977 [58], it took many years for other researchers to realize the potential
of entropy scaling for the description of real, molecular substances. Most
recent studies concern dynamic viscosity, for which a considerable number of
experimental data is available in the literature [77, 78]. For viscosity, entropy
scaling is confirmed as a remarkably accurate principle for pure n-alkanes
[63, 79, 80], for more complex pure substances [63, 81] and for mixtures [63, 82]
over the entire fluid region. Other transport properties lag behind due to a
more complex behavior, scarcity of experimental data, or both. The self-
diffusion coefficient D**!f was calculated through an entropy scaling approach
only for some pure substances [69, 75, 81, 83]. The thermal conductivity of
real substances has not yet been investigated thoroughly using entropy scaling.

1.2 OQOutline

In Chapter 2, a detailed analysis of experimental data for thermal conductiv-
ity is done. A reference thermal conductivity that is itself a simple function
of the residual entropy is proposed. Entropy scaling is applied with the PCP-
SAFT equation of state [84, 85]. Counsidering low densities, I observed the
dimensionless thermal conductivity (thermal conductivity divided by a refer-
ence thermal conductivity) does not show a univariate dependence on residual
entropy for obvious choices of a reference thermal conductivity. Using the pro-
posed reference thermal conductivity, good entropy scaling behavior for the
entire fluid region is obtained for water and for 147 organic substances from
various chemical families: linear and branched alkanes, alkenes, aldehydes,
aromatics, ethers, esters, ketones, alcohols and acids.

2017, 56, 15, 4527-4538.



Chapter 3 proposes a model for self-diffusion coefficients of pure substances
from entropy scaling. In accordance with the entropy scaling approach, I
observe that the self-diffusion coefficient of real substances, once made di-
mensionless with an appropriate expression, to very good approximation only
depends on residual entropy. 133 substances from more than 14 different
chemical families are studied and show good correlation results. The model
presents satisfying robustness for extrapolating self-diffusion coefficients to
state conditions that are rather different from the conditions where experi-
mental data is available.

The proposed model for self-diffusion coefficients is in Chapter 4 used to re-
fine the model for thermal conductivities. The thermal conductivity of gases
depends strongly on the vibrational and rotational degrees of freedom of the
molecule under consideration. Entropy scaling is based on the residual en-
tropy, which does not capture the intramolecular and rotational contributions.
This Chapter proposes a model for the thermal conductivity that accounts
for these degrees of freedom. The Chapman—Cowling approximation is used,
where contributions of internal degrees of freedom to the thermal conductiv-
ity of an ideal gas are related to the corresponding self-diffusion coefficient.
A resulting expression for the thermal conductivity, using the model for the
self-diffusion coefficient, is used here as a reference in entropy scaling.

In Chapter 5, a predictive method for the thermal conductivity is derived
based on entropy scaling. The model is developed as a group-contribution
approach, where substances are considered to be composed of chemical (func-
tional) groups. The excess entropy is calculated using the group-contribution
PCP-SAFT equation of state. The model is applicable for gaseous phases and
for liquid-phase conditions covering wide ranges of temperature and pressure.
I consider pure fluids from various chemical families, and propose parameters
of 29 chemical groups, by considering 231 substances with more than 50,000
experimental data points.

Finally, in Chapter 6 first results of the prediction of thermal conductiv-
ity of mixtures are presented. The model based on entropy scaling and the
PCP-SAFT equation of state, previously developed throughout the thesis, is
extended and applied to thermal conductivity of binary mixtures. This is the
first time that thermal conductivity of mixtures is investigated using entropy
scaling.

This thesis is written in the pluralis modestiae to avoid the excessive use of
passive voice. Furthermore, I emphasize the research behind this thesis is
done in collaboration with colleagues, supervised students and my supervisor.
Contributions to this work by persons other than the author are acknowledged
at the beginning of each chapter.
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2 Thermal Conductivity of Real Substances from
Excess Entropy Scaling Using PCP-SAFT

This chapter is a literal quote of:

M. Hopp, J. Gross: Thermal Conductivity of Real Substances from Ezxcess
Entropy Scaling Using PCP-SAFT, Industrial & Engineering Chemistry Re-
search, 2017, 56, 15, 4527-4538, DOI:10.1021/acs.iecr.6b04289 .

Additions implemented in this chapter compared to the original journal publi-
cation are indicated by square brackets.

Entropy scaling is an intriguingly simple approach for correlating and predict-
ing transport properties of real substances and mixtures. It is convincingly
documented in the literature that entropy scaling is indeed a firm concept
for the shear viscosity of real substances, including hydrogen bonding species
and strongly non-spherical species. We investigate whether entropy scaling
is applicable for thermal conductivity. It is shown that the dimensionless
thermal conductivity (thermal conductivity divided by a reference thermal
conductivity) does not show a single-variable dependence on residual entropy,
for obvious choices of a reference thermal conductivity. We perform a detailed
analysis of experimental data and propose a reference thermal conductivity
that is itself a simple function of the residual entropy. We then obtain good
scaling behavior for the entire fluid region for water and 147 organic sub-
stances from various chemical families: linear and branched alkanes, alkenes,
aldehydes, aromatics, ethers, esters, ketones, alcohols and acids. The residual
entropy is calculated from the Perturbed Chain Polar Statistical Associating
Fluid Theory (PCP-SAFT) equation of state. The correlation of experimen-
tal data requires 2 parameters for pure substances with scarce experimental
data and up to 5 parameters for experimentally well-characterized species.
The correlation results for all substances lead to average relative deviations of
4.2% to experimental data. To further assess the approach, we analyze extrap-
olations to states not covered by experimental data and find very satisfying
results.

2.1 Rosenfeld’s Entropy Scaling

The thermal conductivity A of a pure substance shows a rather complex de-
pendence on temperature 7" and pressure p for the entire fluid region, as
Fig. 2.1 illustrates. In 1977, Rosenfeld postulated and showed that dimen-
sionless transport properties are simply mono-variable functions of residual
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Figure 2.1: Experimental thermal conductivity A*P of hexane versus tem-
perature for various pressures. Symbols represent data from 38
publications, all taken from ref [1].

entropy s'. As transport properties, he considered dynamic viscosity, self-
diffusion and thermal conductivity. Rosenfeld initially limited consideration
to simple fluids and model fluids, but later extended his theory for dense fluids
and dilute gases as well [2—4].

Entropy scaling, especially with focus on viscosity, has been recognized as a
strong principle [5-7], applicable to a wide array of real substances including
strongly hydrogen-bonding species and strongly non-spherical (wax-like) sub-
stances. For the thermal conductivity, however, there is a research need for
how to best define the dimensionless thermal conductivity \* = A/A™/. The
first approach by Rosenfeld himself [2] was guided by a simple dimensional-
ity analysis. He proposed \'¢/ = p?/3 k+\/kT/M', where k is Boltzmann’s
constant, T is the temperature, p is the number density, and M’ is the molec-
ular mass. The so-defined dimensionless thermal conductivity A\* leads to a
monovariable dependence on s"* for liquid-like densitites. Due to the number
density p in the denominator of the resulting expression for A\*, [this ansatz]
diverges for the ideal gas limit.

In the following section we examine different approaches for \¢f, by assessing
if these approaches lead to a distinct (mono-variable) entropy scaling. We
use experimental data of n-hexane as a representative example. Finally, we
propose a new expression for the reference thermal conductivity A\"¢f.

As in our preceding study on shear viscosity [7], we calculate the residual
entropy needed in our work using the PCP-SAFT equation of state. The
dimensionless residual entropy is defined as

s =5"/(km) (2.1)
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The quantity m is a pure component parameter of the PCP-SAFT model,
that represents the number of spherical segments a molecule is composed
of. Dividing s"¢* by m leads to similar ranges of s*-values for very different
substances. Alternatively, one could also use the molar mass instead of m for
ensuring similar ranges of s* for different components.

2.2 Evaluation of Reference Thermal Conductivities

For defining a dimensionless thermal conductivity, \* = A/A"¢/, we here refer
to A¢f as the reference thermal conductivity.

2.2.1 Chapman Enskog

The Chapman-Enskog (CE) equations are based on Boltzmann’s equation and
describe transport properties of monoatomic gases, i.e. for molecules with
no internal degrees of freedom, based on kinetic gas theory [8, 9]. In case
of viscosity, the CE equation was seen to be a suited reference for entropy
scaling [7, 10, 11]. The corresponding expression for thermal conductivity
reads

e~ VT/(M]/m) 83.235 kg2 A2 m 59
o202, 2)(T*) 103/2 K3/2 moll/2 s3 ( : )

The collision integral Q(>2)(T*) with dimensionless temperature T* = kT'/e
is given in form of an empirical correlation by Neufeld et al [12]. Further, o is
a molecular diameter parameter, € denotes the pair energy parameter and M
is the molar weight [in kg/mol]. We take o and € from the PCP-SAFT equa-
tion of state, where they characterize spherical segments of chain-structured
molecules. We introduce the segment number m to achieve a comparable be-
havior between different substances. That is beneficial in a later stage, where
more well-behaved parameters are observed for various substances.

The entropy scaling approach can be applied to data for thermal conductivities
of Lennard-Jones chain fluids from molecular simulation. We find that the
data of Galliero and Boned [5] almost perfectly falls onto one line, when
analyzed as \* = A\/A\"¢f using Eq. (2.2) with residual entropies calculated
from PC-SAFT. The results are shown in the supporting information.

Fig. 2.2 presents the entropy scaling of n-hexane using the CE reference. We
find an overall well-behaved course of A*(s*), but we observe a pronounced
deviation from entropy scaling in low density limit. In this study, for brevity,
we speak of ‘entropy scaling’ when experimental data collapses to monovari-
able dependence with residual entropy. With ‘deviation from entropy scaling’
we refer to conditions, where experimental data does not show monovariable
dependence on residual entropy. The low-density deviations are in fact tem-
perature dependent, as further analysis shows. Such deviations appear for
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Figure 2.2: Logarithmic reduced thermal conductivity A* = A**? /A"¢f versus
reduced residual entropy s*. The symbols denote experimental
data, reduced by \"¢f = )\geé, eq. (2.2). The reduced entropy s*
is calculated from PCP-SAFT according to given temperature and
pressure, as defined in eq. (2.1).

polyatomic molecules where intra-molecular degrees of freedom exist. The
deviation does not occur for monatomic molecules, e.g. noble gases.

We note that two options for modifying the CE-formula, eq. (2.2), namely by
defining the dimensionless temperature as T* = kT/(me), or by considering
m%a? instead of o2 in the denominator of equation (2.2) with varying power «,
only leads to an upwards or downwards shift in the entropy-scaling diagram,
Fig. 2.2. Deviations from the entropy scaling behavior in the low-density limit
thereby persist.

2.2.2 Chapman Enskog with Eucken correction

The Eucken correction 1 is a simple correction term for polyatomic molecules
defined through

4 (¢, 3
= 15 <R + 5) (2.3)

with isochoric heat capacity c¢,. The correction is multiplied onto the CE-
expression for thermal conductivity [9], according to

gl = Xk = N+ 2
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Figure 2.3: Logarithmic reduced thermal conductivity, with A"/ = /\TEi{ ,
eq. (2.4). Detailed caption see Fig. 2.2.

With the second equality we define an additive contribution to the Chapman-
Enskog term, as

)\(:Eoirect — )‘E'e]é (d} _ 1) (25)

Writing the Eucken expression for the reference thermal conductivity into
two additive contributions will be advantageous in the further course of our
analysis.

The Eucken correction has a good influence on the entropy scaling in the low
density limit (s* — 0) but leads to increased deviation from entropy scaling
for dense, i.e. liquid states, as Fig. 2.3 illustrates. The strong deviation from
entropy scaling for dense states (very negative s*-values) results from the heat
capacity c¢,, as the comparison of Fig. 2.2 with Fig. 2.3 shows.

2.2.3 LTST Approach

Another prominent approach divides the thermal conductivity into a classical
part and a contribution due to intra-molecular vibrational degrees of freedom,
leading to

N = Nk + XSopsst (2.6)

An expression for the vibrational contribution of polyatomic gases to the
thermal conductivity was proposed by Liang and Tsai [13] based on studies
by Stiel and Thodos [14]. We refer to the approach as LTST according to the
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Figure 2.4: Logarithmic reduced thermal conductivity, with A"/ = )\TLeTfST7
eq. (2.6). Detailed caption see Fig. 2.2.

authors‘ names. The vibrational contribution reads

mol

correct self
3R) — 2.7
AErsE = pD>(ef ) 0% (2.7)
0, if T, < 0.3
pD*If = ¢ 8481 (13017, — 0.381)7°, i 0.3 < T, <15 (2.8)
0464T0 777’ if Tr >1.5

105¢
. T, 1/6 M —1/2( P )72/3
-\ K g/mol atm
with reduced temperature T,, = T/T,, pressure p. and temperature T, at the

critical point. We calculate the isochoric heat capacity in ideal gas state ci9
using correlations from the DIPPR database [15].

Fig. 2.4 evaluates how the reference thermal conductivity /\ZeTfST performs for
the entropy scaling of hexane. The result is comparable to the previously
considered case (Chapman-Enskog with Eucken correction), however, with
further improved entropy scaling behavior at low densities but further dete-
riorated entropy scaling for higher densities. In the approach given here we
neglect rotational degrees of freedom, which leads to 3R in Eq. (2.7). We
also investigated the same approach with the rotational contribution included
(leading to 1.5R), but the performance in entropy scaling was inferior to the
approach presented here.

In order to understand the desired scaling behavior for ideal gases and the
undesired behavior for high densities, we proceed with a detailed analysis of
the low density region.
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2.3 A new approach for the reference thermal conductivity

In the preceding analysis of existing expressions for the thermal conductivity
of gases, we have seen the desired entropy scaling behavior for some regions
of state space. The use of a CE reference term led to fine entropy scaling in
the dense (i.e. liquid) states, but resulted in deviations in the low-density gas
region. The observation was inverse for the Eucken corrected expression and
even more so for the LTST approach: good scaling behavior at low-density
conditions, but strong deviations for liquid states.

For describing the thermal conductivity of real polyatomic fluids in the com-
plete space of fluid states, we strive at combining the benefits of the given ap-
proaches: namely the good entropy scaling behavior of CE for higher densities,
and the promising Eucken correction or LTST approach for lower densities.
To achieve this combination, we empirically introduce a transition function
a(s*) into eq. (2.6), resulting in

)\ref — )\ref + ( *) correct (29)

as a new ansatz for a reference thermal conductivity, where \°**¢¢* repre-
sents a correction towards the Chapman-Enskog expression. We define the
transition function a(s*) as

a(s™) = exp(—s"/sk) = exp(—s"/s.) (2.10)

to gradually add vibrational corrections at low densities, i.e. low |s*|. Here
st = s (T,,p.)/(km) is the reduced residual entropy at the critical point
according to eq. (2.1). We take T, p., and s"**(T,, p.) as calculated from the
PCP-SAFT equation of state. This definition of a(s*) leads to a comparable
but substance-specific transition function. The exponential ansatz function
makes a transition from the ideal gas limit, where a(s* =0) =1 gives full
weight to the vibrational correction term, to the high-density liquid region,
where «(s*) gets small, vanishing in the limit a(s* — —00)=0.

The transition function a(s*) can be applied to both, the Eucken correction
and the LTST approach. We refer to these models as a-Eucken (with el

a,Bu —
AL+ als®) At (1 — 1)) and as a-LTST approach (with )\Z;%TST )\wf
a(s*) Gorreet), respectively. The use of a(s*) drastically improves the entropy
scaling behavior, as Fig. 2.5 confirms. From the previous sections, it is clear
that the Eucken correction leaves some deviation from entropy scaling in the
limit of ideal gases, whereas seemingly very good entropy scaling behavior is
found for the LTST approach.
Nevertheless, the two given approaches ()\Ze};u and )\ZfJLcTST) are not entirely
satisfying. The first deficiency of the LTST method is the non-continuous
definition of pD**!f in eq. (2.7), which introduces a step at T, = 0.3. Secondly,
both approaches lead to In(A*)-values at the ideal gas limit far from zero. That
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Figure 2.5: Logarithmic reduced thermal conductivity \* = A/A"/ versus
reduced residual entropy s*. The symbols denote experimen-
tal data. Three reference thermal conductivities are compared,
namely )‘ngcaze’ )\Z’éu and A;P;{TST. The red lines represent the
corresponding correlation function, eq. (2.14).

is unsatisfying from a theoretical perspective, because all reference terms are
supposed to reproduce thermal conductivities of ideal gases, so that \* should
approximately be unity for s* = 0. But it is also undesired for practical
application of the entropy scaling approach, because assuming In(A\*(s* =
0)) = 0 for substances lacking experimental data in the gaseous phase is then
not possible. The strong deviations from In(A*) = 0 at s* = 0 reveal the
inability of both references to correctly describe the thermal conductivity of
the ideal gas. Therefore, we continue to analyze the low density limit in the
following section.

2.3.1 A new expression for Ideal Gas Limit

In this section, we propose a new expression for the ideal gas reference thermal
conductivity that should overcome some of the deficiencies of the two reference
expressions discussed above. The new term is based on the Chapman-Enskog
theory, because of its well-behaved results of entropy scaling for dense phases.
In order to obtain good agreement also for gas phases, we start by analyzing
the low-density behavior. More specifically, we concentrate on the deviation
between experimental data and the Chapman-Enskog theory, captured by the
difference (A\*"P — ge]é) We use the condition |s*| < 0.1 as a criterion for
low-density states. Data points outside this criterion are not considered in
our analysis.

Fig. 2.6 shows the difference (A“*P — /\geé) over reduced temperature. The dia-
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Figure 2.6: Analysis of the difference between experimental values of the ther-
mal conductivity and values estimated from the Chapman-Enskog
theory, (A®*P — )\g]{;) as a function of reduced temperature T* for
36 substances in dilute gas conditions (] s* |< 0.1). Full legend
given in supplementary information.

gram contains data of 36 different substances of various chemical families, e.g.
alkanes (C1 to C11), branched alkanes, alkenes, aldehydes, aromatics, ethers,
ketones and alcohols. We found no significant dependence of this difference
on pressure. A roughly universal behavior can be achieved by dividing the
difference (A°*P — )\2?]{;) with a measure for the intermolecular dispersive en-
ergy [16] as expressed in PCP-SAFT parameters (i.e. m203¢/k). We describe
this temperature-dependent deviation according to

(/\”p - /\geé) 105 &3 A3 K2

= T* T*2 2.11
m?03e/k kg atl te (2.11)

with model constants ¢; = —0.0167141 and co = 0.0470581 adjusted to the
data displayed in Fig. 2.6. The expression contains PCP-SAFT parameters,
i.e. segment number m, segment size parameter o, energy parameter €, and
dimensionless temperature defined as T* = T'/(me/k). It is noteworthy that
we were able to also deduce a good model for (\¢*P — )\g]{;) using the critical
temperature and the molecular mass of each species. However, we expect
more ambiguity in extending such a model to mixtures, whereas extending
eq. (2.11) to mixtures is rather straightforward. The difference of thermal
conductivity modeled in eq. (2.11) is in fact a model for A\°°'***. We thus get
a new equation for the reference thermal conductivity

)\ref _ )\rceé + a(s*))\corrcct (212)

a,scale scale
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with
kg m

correct __ 2 3 * *2
A = (m*c’¢/k) (1T + c2T*?) s AP K2

scale (213)
Applying this reference, a good entropy scaling behavior is found without the
drawbacks observed for the other approaches, as Fig. 2.5 shows.

A further improved behavior in the gas limit can be achieved by adjusting ¢y
and c¢» to individual chemical families or even individual substances. This ad-
ditional adjustment is recommended if high accuracy for selected substances
is targeted. We would for example expect that halogenated substances re-
quire adjustment of ¢; and co. In this work, however, we value a simple but
widely applicable description with low number of adjustable parameters and
we therefore use eq. (2.13) with ¢; and ¢ adjusted to many species. A more
detailed diagram with full legend is given in the supplementary information.
Before proceeding, we mention a promising future extension of our approach.
Chapman and Cowling [8] have established the relation between the internal
contributions (rotational and vibrational) to the thermal conductivity, which
in our notation corresponds to the correction term, as \°°rrect = ppselfeint,
with D%f as the self-diffusion coefficient capturing thus the transport of in-
ternal energy. The approach is promising, because the product of pD*!f is yet
another property that should obey Rosenfeld’s entropy scaling [4]. We have
initial results for the entropy scaling of pD**f, but not sufficient to further ex-
plore this approach here. [The study of the extension mentioned here, based
on a self-diffusion approach, is part of this thesis as Chapter 4.]

2.3.2 Correlation Function for Thermal Conductivity

The relation between the reduced thermal conductivity A* and reduced resid-
ual entropy s* is here described through the ansatz function

In(\*) = in(A\/A7e!) = A + Bs* + C (1.0 — exp(s*)) + Ds*2 (2.14)

The systematically non-linear entropy scaling behavior led us to include an
exponential contribution in eq. (2.14), as opposed to the simple 3"¢ degree
polynomial for the viscosity proposed by Loetgering-Lin and Gross [7, 17].
The four parameters A-D have to be adjusted to experimental data for every
pure substance. In the adjustment of parameters A-D we omit experimen-
tal points lying within a region of 10% around T¢,;; and pe.i¢, the calculated
temperature and pressure at the critical point. That is done, first, because
PCP-SAFT is usually not parametrized enforcing the critical point of a pure
component. Second, the thermal conductivity is known to have an enhance-
ment in the vicinity of the critical point [18-24]. This enhancement is so far
not included in our description.

Fig. 2.5 compares entropy scaling using the three references, each containing
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a(s*). The resulting correlation functions, eq. (2.14), are also shown as red

lines. All three models, namely entropy scaling using A;féu, /\Z%TST, and
)\Tef

o acate 38 reference thermal conductivity, are reasonable. The main differ-
ences between the three models are the degree of curvature and the value

at the ideal gas limit. The expression )\Z‘ff:wle leads to a good estimate of

the ideal gas limit, so that the logarithm of (A®*?/ )\gffmle) approximately
approaches zero for s* — 0.

We defined D = 0 whenever the experimental data for a substance covers only
a small region of states. As a criterion, we use the experimentally covered

range in residual entropy As* = s& . — s¢ . with s&. = min(s*) and
St ae = max (s*|s* < —0.1). The limitation of s},,.. to values lower than —0.1

decouples the D-criterion from possibly available data in gaseous phase. If
As* < 2.0, we set D to zero. Additionally, but only for our new reference
;fzcale, we define A = 0 if no experimental data in gaseous phase (max (s*) <
—0.25) is available. This leads to a further reduction of adjustable parameters
and, more important, to a robust extrapolation for cases where experimental
data is scarce. It is not possible to use A = 0 as an approximation for the
a-Eucken or the a-LTST approaches, as Fig. 2.5 shows.
Once the parameters A-D are adjusted, it is very easy to obtain calculated

thermal conductivities. Rewriting eq. (2.14) we obtain
Acate = xref o\ = N L exp{A + Bs* + C (1.0 — exp(s*)) + Ds**}  (2.15)

so that the thermal conductivity can not only be calculated at temperature
and pressure conditions corresponding to experimental data, but it is possible
to predict the thermal conductivity for the entire fluid region (see Fig. 2.7).
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Figure 2.7: Thermal conductivity of n-hexane versus temperature using
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2.4 Results and Discussion

In the preceding sections, we propose a new reference thermal conductivity
for entropy scaling. The development was illustrated using n-hexane as an
example, which we chose due to its good coverage of experimental data. In
this section, we first show the usefulness of entropy scaling for data analysis.
Next, we consider other pure substances, where experimental data of the
thermal conductivity is available for both, high (liquid) densities and low
(gaseous) densities. We then proceed to model the thermal conductivity for a
fairly comprehensive list of substances. Experimental data for the gas-phase
is thereby absent for many species. Subsequently, we asses the robustness of
our model to extrapolate for substances with limited coverage of experimental
data.

2.4.1 Data Analysis

Entropy scaling is powerful for identifying non-plausible experimental data,
i.e. outliers. Such outliers can be detected in the entropy-scaling diagram, as
for example seen for n-undencane in Fig. 2.8. In this work, we only removed
outliers if a complete series of one original source was clearly in contradiction
to other sources. We did not filter and remove single outlying points within an
otherwise ‘good’ series of data from one source. The three points in Fig. 2.8,
for example, were left in our parameterization and analysis. This is a rather
conservative approach, leading to higher values for deviations compared to a
procedure with more aggressive data filtering.

As another example we show isopropylbenzene, where the data of our

3.0

Xotog n-undecane
2.5
2.0 4
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Figure 2.8: Outliers are easily detected in the entropy-scaling diagram, as here
ref

shown for n-undecane using Aa,scale'
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database [1] led to a strong deviation from entropy scaling. The malign
scaling behavior was observed for one reference included into the commer-
cial database with pressure values wrong by a factor of 10 (as we realized
from this analysis). The error results in parallel curves in the liquid region of
the entropy plot (see Fig. 2.9a). Correcting the pressure values, as correctly
published in the original source [25], leads to the well-known benign entropy
scaling behavior (Fig. 2.9b).
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(a) Original data as contained in database [1] (b) Same data points, but now with corrected
with some pressure values wrong by a factor of pressure values.
10.

Figure 2.9: Logarithmic reduced thermal conductivity A\* of isopropyl-benzene
ref

versus reduced residual entropy s* using )\a,scale-

The symbols are
for experimental data.

2.4.2 Substances with experimental data of ) in gas phase

We propose entropy scaling for the thermal conductivity using a reference
thermal conductivity of the form )\Zef cale = )\Tce}; + as*)Aorect In order to
assess this ansatz, we can decompose two contributions to the model: The
transition function a(s*) and the proposed correlation AS™ect. Tt is possible
to single-out the suitability of the transition function «(s*) for entropy scaling,
by adjusting an expression for AS9e¢t o each substance individually.

We here consider substances with available experimental data for both, liquid-
like densities and gaseous or vapor densities. For such components, it is
possible to correlate the thermal conductivity by adjusting coefficients A to
D of Eq. (2.15) and coefficients ¢; and ¢5 of Eq. (2.12) and (2.13). In fact, once
the coeflicients ¢; and cs are treated as adjustable parameters for a substance,
it is sufficient to set A = 0, leaving 5 adjustable parameters for this particular
analysis.

We consider ethane as a non-polar substance, 1-heptanol as a mildly polar
species and water as a highly polar component. The optimized parameters
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are detailed in the supplementary material. The results are shown in Fig. 2.10.
We find very good agreement for all three components. Table 2.1 summarizes
absolute average deviations (AAD-%) for the 3 substances, as well as for other
n-alkanes. We conclude the transition function a(s*) leads to a convincing
entropy scaling behavior of various very different substances.

AAD / %

c1, Co c1, co from

Name individually  correlation,

adjusted Eq. (2.11)
methane 5.345 6.996
ethane 3.094 6.172
propane 2.485 6.826
butane 2.221 4.947
pentane 2.368 2.645
hexane 2.765 3.175
heptane 3.287 3.680
octane 2.796 2.774
nonane 3.175 3.161
decane 2.635 2.863
undecane 2.695 2.773
1-heptane 4.139 4.260
water 4.492 6.816

Table 2.1: Deviations (expressed as absolute average deviations, AAD-%)
of thermal conductivities calculated from entropy scaling using
)\;e_fmle from experimental data. Note, the RMS-% values (not
reported) for cases where c1, co were adjusted individually are al-
ways lower compared to the case where the correlation, Eq. (2.11),

was used.
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Figure 2.10: Comparison of experimental thermal conductivity data with re-
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2.4.3 Comprehensive correlation of pure substance thermal conductivity

To comprehensively compare entropy scaling with all three approaches for
the reference thermal conductivity, we calculated A for many substances from
a variety of chemical families. The average deviations of calculated thermal
conductivities from experimental values for all investigated substances are
summarized in Fig. 2.11 for n-alkanes, and in Fig. 2.12 for other substances
grouped into chemical families. A detailed list of all individual deviations,
the adjusted polynomial parameters A-D, as well as the used PCP-SAFT pa-
rameters is given in the supplementary information. Overall, we find good
agreement of results from entropy scaling with experimental data for all in-
vestigated chemical families and for all three versions of A\7¢/. The results can
particularly be appreciated considering the fact that, first, the entire fluid
region is covered, and second, we include a comprehensive list of experlmen—

tal data without substantial data filtering. The deviations using \"“, are

«, Eu
marginally lower than the deviations from entropy scaling using A'° or

)\ZeéT g7 However, we will not declare )\Teé as the most promising reference

thermal conductivity, as the following sections will show.

«, scale

8
Ageé =
Ar'e 3 [
o A

average deviation / %
N
1

1 3 5 7 9 11 13 15 17 19 21 23
Number of Carbon Atoms

Figure 2.11: Absolute average deviations of calculated to experimental ther-
mal conductivities for the homologous series of n-alkanes. Com-
parison between different reference thermal conductivities A"¢7.

Fig. 2.13 shows various butane derivatives. With this diagram, we consider
individual substances across various chemical families. The average deviation
for all butane derivatives is 4.9%. 2-Butanone is a representative example
for this group of substances, because the individual deviations of correlated
to experimental data is 4.7% (and thus close to average). In Fig. 2.14 we
give a graphical comparison of experimental data to correlation results of 2-
butanone. The diagram confirms good overall agreement, with some more
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pronounced deviations around the critical point. One can also observe an
experimental ‘outlier’ at T = 532.9K that is not plausible and could have
been disregarded (which would lead to lower deviations).

2.4.4 Robustness to Extrapolation

The results of the previous section show that entropy scaling using our pro-
posed expression /\Ze’f:mle does not outperform the a-LTST model and the
a-Eucken model in correlating experimental data. The rational for develop-
ing an alternative expression for an ideal gas correction (/\Zfscale) was our
skepticism about the robustness of the a-LTST and the a-Eucken model for
extrapolations. We now explore the robustness towards extrapolations of the
models.

The relevance of studying extrapolations of the models is given by the fact
that, for many substances, experimental data is only available for a limited
range of conditions. Data for liquid phase thermal conductivities (and often
even at a rather narrow range of temperature) are significantly more prevalent
than data for low densities. For these circumstances, it may not be possible
to adjust meaningful parameters A-D.

Small ranges of temperature and pressure state conditions correspond to a
small range of residual entropy s*. We consider 1-heptanol and artificially
limit the experimental data corresponding to a small range of s*-values repre-
senting liquid states. In doing so, we mimic situations where for a substance
only narrow conditions are covered experimentally. Practical applications
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average deviation / %

Figure 2.13: Absolute average deviations of calculated to experimental ther-
mal conductivities for various butane derivatives, as calculated

. ref
using Aa,scale‘

then rely on extrapolations either to low densities, or to conditions of low
temperature and high pressure, meaning to high densities. For 1-heptanol,
the availability of rather comprehensive experimental data allows to assess
extrapolations subsequently, as Fig. 2.15 presents. The smaller the range of
conditions (i.e. for a small range of s*) considered for adjusting model param-
eters A to C (with definition D = 0), the less reliable are the extrapolation
results. The a-LTST and the a-Eucken model lead to strong deviations from
the experimental data for extrapolations. The proposed model in comparison,
is significantly more well-behaved. For the proposed model, we set A = 0,
whenever no data for low densities is available. Doing so increases the robust-
ness to extrapolations significantly.

The promising extrapolation behavior shown in this section shall not mask the
fact that some uncertainty about the extrapolation behavior to low tempera-
tures and high pressures remains. For some substances, such as for toluene,
we obtain decreasing thermal conductivities with decreasing temperature as
well as with increasing pressures. For other species, we do not find this trend
within the fluid region. The experimental data does not allow to unambigu-
ously clarify the correct behavior for these conditions.

2.5 Conclusions

Entropy scaling relies on a suitable definition of a dimensionless thermal con-
ductivity, where the thermal conductivity is divided by a reference thermal
conductivity. Our study shows that entropy scaling does not hold (i.e. the di-
mensionless thermal conductivity does not show a single-variable dependence
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Figure 2.14: Thermal conductivities of 2-butanone. Comparison of experi-
ref

mental data to results from entropy scaling using A_ ...

on residual entropy), for obvious choices of the dimensionless thermal con-
ductivity. An exception are mono-atomic components, such as argon. This
study proposes an expression for the reference thermal conductivity that is
itself a function of the residual entropy. With this definition, we find good
results for entropy scaling for the entire fluid region. Entropy scaling is then
a powerful method to correlate and predict thermal conductivities of organic
substances. We demonstrated good results for several chemical families with
2 to 4 adjustable pure component parameters per species, depending on the
range of available experimental data. For 148 substances, we obtain aver-
age relative deviations of 4.2% to experimental data. Our approach shows
rather robust behavior to extrapolations beyond the state conditions covered
by experimental data.

2.5.1 Supporting Information

The supporting information is given in Appendix details (1) the pure com-
ponent parameters of the PCP-SAFT model for all considered substances,

(2) parameters A-D for all substances and for all three references Azfgcale,

A;féu, and AQC;{TST. The table (3) also details the absolute average devi-
ations for all considered components and for all three references. Further,
(4) the full legend of all 36 substances of Fig. 2.6 is given. Additionally, (5)
we include a comparison between results for water using PCP-SAFT and a
highly accurate equation of state, and (6) an investigation of entropy scaling

for Lennard-Jones Chains as molecular model.
[The supporting information is given in Appendix A of this work.]
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ing line colour).
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Appendix

According to the valuable proposal of an anonymous reviewer, we present an
additional possibility for a reference thermal conductivity.

According to the kinetic gas theory as presented by Chapman and Cowling
[8], one can decompose the thermal conductivity as A = A 4+ A" where
AT = ACF and Aint = pDsfnt The contribution to the isochoric heat
capacity from internal modes of motion ¢** contains rotational and vibrational

modes and can be calculated as c¢** = ¢i9 — ¢ = (9 — 1.5R, so that the
reference thermal conductivity reads

)\TC%CE = \OF 4 stelf(cf,g —1.5R)
or, when introducing the transition function «,
Nhow = XF + a(s")pD*!(cif — 1.5R)
We consider the approximation by Chapman and Enskog [8, 9], as

Dself _ §Q(272) (T*) UCE
PR T QU M

The collision integrals Q with dimensionless temperature T* = kT'/e are given
in ref. [12]. Further, n°F is the Chapman-Enskog viscosity as given in ref [8, 9].
Similar to the results obtained with other expressions for the reference ther-
mal conductivity, the variant without transition function leads to a significant
deviation from entropy scaling in the low density limit, as Fig. 2.16 shows.
The collapse of data in the ideal gas limit (s* — 0) is comparable to the
LTST approach, the curvature is less pronounced. The CCE approach leads
to mildly lower absolute average deviations than the LTST model. The re-
sulting deviations and correlation parameters A-D are given in the supporting
information [in Appendix A of this work].
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Logarithmic reduced thermal conductivity A* = A°*? /A"¢f versus
reduced residual entropy s*. The symbols denote experimental
data, reduced by A"/ = A/ (black x) or by \"f = AL
(blue 0). The reduced residual entropy s* is calculated from
PCP-SAFT according to given temperature and pressure, as de-
fined in eq. (2.1).
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3 Self-Diffusion Coefficients from Entropy Scaling
using the PCP-SAFT equation of state

This chapter is a literal quote of:

M. Hopp, J. Mele, J. Gross: Self-Diffusion Coefficients from Entropy Scaling
Using the PCP-SAFT Equation of State, Industrial & Engineering Chemistry
Research, 2018, 57, 38, 12942-12950, DOI:10.1021/acs.iecr.8b02406
including the correction given in

M. Hopp, J. Mele, J. Gross: Erratum to “Self-Diffusion Coefficients from
Entropy Scaling Using the PCP-SAFT Equation of State”, Industrial € En-
gineering Chemistry Research, 2019, 58(45), 20857-20857 .

Additions implemented in this chapter compared to the original journal publi-
cation are indicated by square brackets.

Specific contributons of the authors of the original publication are as follows:
Julia Mele conducted a feasibility study on the application of the Entropy Scal-
ing approach for self-diffusion of pure substances under my supervision as part
of her master thesis. She implemented and compared several models using the
PCP-SAFT EOS.

I, under the supervision of Joachim Gross, defined the final model for the
calculation of self-diffusion coefficients of pure substances and conducted the
calculations as well as the comprehensive study of 133 substances considered
in this chapter.

This study proposes a model for self-diffusion coefficients of pure substances
from entropy scaling using the Perturbed-Chain Polar Statistical Associating
Fluid Theory (PCP-SAFT) equation of state. In accordance with the entropy
scaling approach proposed by Y. Rosenfeld [Phys. Rev. A 1977, 15, 2545-
2549], we observe that the self-diffusion coefficient of real substances, once
made dimensionless with an appropriate expression, only depends on residual
entropy. The proposed model requires 3 parameters for each pure substance.
For substances with scarce experimental data, however, a scheme is proposed
to estimate one or two of these parameters. We study 133 substances from
more than 14 different chemical families and find average absolute devia-
tions of 8.2% between the proposed model and experimental data (9992 data
points). The model shows satisfying robustness for extrapolating self-diffusion
coefficients to conditions rather distant from state points where experimental
data is available.
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3.1 Entropy Scaling and Reference Self-Diffusion
Coefficients

The entropy scaling principle, as proposed by Rosenfeld [1, 2], states that a
dimensionless transport property, here self-diffusion coefficient D, is only a
function of residual entropy s"¢*, as

pDcalc
pDref

In(D*) = 1n< ) = f(5") (3.1)

with number density p in unit m=3 or in A3,
In our preceding studies on shear viscosity [3-5] and thermal conductivity [6]
we found it useful to define a reduced residual entropy as

s* =" /(kpm) (3.2)

because the entropy scaling behavior with the so-defined residual entropy
is rather similar for various substances. We use the Perturbed-Chain Polar
Statistical Associating Fluid Theory (PCP-SAFT) equation of state [7, 8] to
calculate the molar residual entropy s"°*. Quantity m in eq. (3.2), is a pure
component parameter of the PCP-SAFT model, representing the number of
segments of a molecule. Dividing s"** by m leads to similar ranges of s*-values
for different substances. Alternatively, the molar mass M could be used to
achieve a similar behavior. Quantity kg is Boltzmann’s constant.

In the outset, it is unclear how to best define the dimensionless transport prop-
erty D* = (pD)/(pD™¢f). A decisive decision for developing a reliable entropy
scaling approach is the decision about how to define the reference value, here,
the reference self-diffusion coefficient D"/ in eq. (3.1). We analyze six pos-
sible approaches for D™/ from literature, as summarized in table 3.1. Most
of them were developed for the direct calculation of self-diffusion coefficients,
not as reference quantities.

In his original work, Rosenfeld [1, 2] proposed using a combination of macro-
scopic parameters (p,T') from elementary kinetic theory as an expression for
the reference self-diffusion coefficient D"¢f. This combination of parameters
(table 3.1) simply represents the average translational velocity and the third
root of density. Dzugutov [9] chose the collision frequency according to En-
skog theory [12] and the hard sphere diameter ¢ as scaling units of time and
length, whereas Krekelberg [10] proposed a scaling approach using the second
virial coefficient.

Those three approaches show a similar behavior when used as reference self-
diffusion D"¢/ in an entropy scaling approach. For all three definitions of
Dref (i.e. DR, DP DX), a mono-variable behavior of In(D*) with respect to
s* is achieved, which is almost linear in the liquid phase (i.e. |s*| large), but
In(D*) diverges in the gaseous phase (|s*| — 0). For our purpose of devising
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Table 3.1: Expressions considered as candidates for the reference self-diffusion
coefficient D"¢/ in the entropy scaling approach, eq. (3.1).

Author Equation

Rosenfeld [1] DR = p=1/3\/RT/M

Dzugutov [9] DP = 4wotg(o)p\/RT /(7 M)
Krekelberg [10] DX = 325 (B4+T492) \/RT/(mM)
Bretonnet [11] DB = 8032;7 &0“’510 RT/(mM)

Chapman, Enskog [12,13]  DYF = £ onlye /RT/(nMm)

Longuet-Higgins, Pople [14] DLMH = ﬁ RT/(wM)

Reference self-diffusion coefficients D¢/ in unit m?/s, with: number
density p in m™3; Gas-constant R in J/(molK); temperature T in K;
molecular mass M in kg/mol; radial distribution function at contact dis-
tance g(o) (dimensionless); Second Virial coefficient B in m3; quantity
o is usually a representative molecular diameter, but is here defined as
the segment diameter-parameter o of the PCP-SAFT equation of state
in unit m; packing fraction ¢ = % po3 (dimensionless); reduced collision
integral [12, 15] Q(LD* = f(T*) with dimensionless temperature here
defined as T* = kpT/e with PCP-SAFT energy parameter ¢/kp in K.
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a simple approach with few adjustable parameters suitable for the entire fluid
region (and a predictive approach in future work), we much prefer a non-
divergent entropy-scaling behavior at the ideal gas limit. We thus analyze
other approaches in more detail.

Henceforth, for comparing expressions for the reference diffusion coefficient
D¢l we will speak of ‘good entropy scaling behavior’ when experimental
data for the self-diffusion coefficient of a considered substance, once made
dimensionless with D"¢f, collapses to a single line with residual entropy s*
only. We speak of ‘deviation from entropy scaling’ when experimental data
does not collapse to monovariable dependence with residual entropy.

Based on Dzugutov’s scaling method, Bretonnet [11] used the packing fraction
=% po3 to relate the residual entropy to the radial distribution function.
His approach was developed for dense fluids. When this expression is applied
for D™/ in entropy scaling, we observed deviations from entropy scaling for
the liquid phase. In contrast to Rosenfeld’s, Dzugutov’s, and Krekelberg’s
approaches, however, a favorable non-divergent scaling behavior in the gaseous
phase is found.

The Chapman-Enskog (CE) equation [12, 13] leads to a good entropy scaling
behavior for liquid and vapor phase, without divergence in the low-density
limit. The CE model was developed from kinetic gas theory and is usually
suitable for low densities. The approach assumes mono-atomic, non-polar,
rigid spherical molecules at dilute gas states, i.e. at moderate pressure. Novak
[16] already showed the applicability of the CE equation as reference for self-
diffusion in entropy scaling for some alkanes, argon and ethylene. Further,
he suggested the CE equation to reduce viscosities [17-19]. In our previous
work, we observed a robust behavior of the entropy-scaling approach for shear
viscosities using the CE equation (but then for viscosity) [3-5]. The reduced
collision integral Q(:1V* in the CE approach, table 3.1, is calculated using an
expression from Neufeld et al. [15] for the Lennard-Jones 12-6 potential. We
found the CE model superior to the approach from Bretonnet when comparing
the entropy scaling behavior of several substances.

The model from Longuet-Higgins and Pople [14] (LH) is based on the funda-
mental relation for mean square displacement D = lim;_,o, < 7(t)? > /(6t)
with r(t) as the distance coordinate of a labeled molecule from an initial posi-
tion at time ¢ = 0, which can also be expressed as the velocity auto-correlation
function. Assuming a hard sphere fluid and a local Maxwellian distribution
function, this approach equals Chapman and Enskog’s first approximation.
As expected, therefore, the scaling behavior obtained with both, the CE ap-
proach and with the LH expression for the reference diffusion coefficient D¢/
is very similar, as fig. 3.1 shows. Differences between both approaches appear
for example for alcohols, where a more pronounced deviation from monovari-
able scaling is found for the gaseous phase for the LH expression than for the
CE approach. The entropy scaling behavior in the liquid phase, however, is
slightly better for the LH model as compared to the CE model. All in all, we
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Figure 3.1: Carbon dioxide: Logarithmic reduced experimental self-diffusion
In(D*) = In(D**?/D"¢f) for varying reduced residual entropy
s*. The symbols represent experimental data, reduced by
Dref € {DCE DLH) . The reduced entropy s* is calculated from
PCP-SAFT according to given temperature and pressure, as de-
fined in eq. (3.2). A similar diagram for other expressions for D"¢/

listed in tab. 3.1 is given in the Supporting Information.

found the Chapman-Enskog equation to provide the most suitable description
for the reference diffusion coefficient pD"¢/ as a function of temperature. We
use D™¢f = DCF for the remainder of this work.

Most figures in this work show data of carbon dioxide to exemplify the prin-
ciples of entropy scaling for the self-diffusion coefficient, because it is one of
the few substances with experimental data covering liquid and gaseous condi-
tions. Unfortunately, experimental data for self-diffusion coefficients of pure
substances is rather scarce in literature.

3.2 Ansatz Function for Correlating Self-Diffusion
Coefficients

We analyzed several pure substances and found an entropy scaling behavior
with a systematically non-linear relation between the logarithmic dimension-
less self-diffusion coefficient In(D*), with a distinct plateau for s* approaching
zero and a monotonic decrease towards lower values of s*. As a suitable Ansatz
function we propose

pDcalc
pDref

) =a—b(1—exp(s*)) s+ cs™ (3.3)
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to describe the relation between the reduced self-diffusion D* and reduced
residual entropy s*. The three pure component parameters a, b and ¢ have
to be adjusted to experimental data for every pure substance. In the adjust-
ment of parameters a-c, we omit experimental points lying within 10% around
Terit and perit, the calculated temperature and pressure at the critical point.
That is done, because PCP-SAFT is in our work not parametrized enforcing
the critical point of a pure component and higher experimental inaccuracies
are expected near the critical point. It is important to note, however, that all
data, including near-critical data, are considered for calculating deviations be-
tween the proposed model and experimental data in this work. Near-critical
data is also included in all figures. Fig. 3.2 compares our entropy scaling
model, eq. (3.3), to experimental data of self-diffusion coefficients (made di-
mensionless using the Chapman-Enskog expression for reference values D).

0.5

experiment X
0.0 correlation —

Figure 3.2: Carbon dioxide: Logarithmic reduced self-diffusion In(D*) =
In(D/DCF) for varying reduced residual entropy s*. The symbols
denote experimental data. The red line represent the correlation
function, eq. (3.3).

Once parameters a-c are adjusted to experimental data, values for the self-
diffusion coefficients can easily be calculated from

Dcalc _ DT'ef . D*
= D" . exp{a —b(1 —exp(s*)) s*% + cs*3} (3.4)

Through the residual entropy s*(7,p), as calculated from the PCP-SAFT
model, it is thus possible to calculate the self-diffusion coefficient of the con-
sidered substance at any temperature and pressure conditions in the entire
fluid, as done in Fig. 3.3.
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Figure 3.3: Self-diffusion coefficient of carbon dioxide. Symbols represent ex-
perimental data. Red lines are calculated isotherms, using the
correlation function, eq. (3.3).

3.2.1 Robustness of Parameterizing the Entropy Scaling Model

For substances with scarce experimental data it is necessary to introduce
additional rules for identifying meaningful parameters a-c. In order to describe
the rules, we define two ranges in residual entropy:

The total range of residual entropy that is covered by experimental data of a
considered substance is defined as As* = s}, .. — s .. with s} . and s}, . as
the minimal and the maximal value of residual entropy as calculated from the
PCP-SAFT model, s*(T, p), for all experimental conditions of temperature T
and pressure p. Additionally, we define the mid-value of the s*-range covered
by experimental data, as 5 = 0.5(s%,;,, + Si0z)-

Because experimental data for gaseous conditions is only available for few
substances, we propose a method to estimate parameter a in the absence
of low density data. From an analysis of all substances with gaseous data
available, we observed a dependence of a on the PCP-SAFT segment number
m. We therefore propose to define parameter a = 0.175 — 0.237m for all
substances with s}, < —1 or As* < 0.4-5", where the last criterion concerns
a too narrow s*-range for reliably extrapolating existing data to the ideal gas
limit s* = 0. We limit this definition to substances with m < 15, since, for
higher m we assume an asymptotic behavior but are missing data to verify
our assumption. Substances with low critical temperatures, such as oxygen
or nitrogen, with scarce experimental data for the self-diffusion coefficient
in liquid phase, require particular attention in parameterization. To ensure
the typical shape of the entropy scaling correlation for cases where liquid
data is absent, we define an additional rule for parameter b. We propose
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b = 0.1m if s;,, > —1. Furthermore, for components with experimental
data for self-diffusion coefficients D in a narrow range of residual entropies,
we define ¢ = 0.0, whenever As* < 0.5 or s}, > —2. Parameter c is then
only adjusted if data for the liquid phase is available and for a sufficiently
wide range of s*. Parameters b and c are constrained to positive values. The
criteria imply that parameters a and ¢ are defined (i.e. not adjusted) for cases
where experimental data only exists in a narrow range of s*, and thus a narrow
range of T and p, leaving only one adjustable parameter for those substances.
In any case, at least one parameter has to be adjusted to experimental data
for any given substance.

To assess the robustness of the proposed scheme for adjusting or predefining
the parameters a-c of correlation function eq. (3.3), we mimic a case with
experimental data available only in the liquid phase. We consider ethylene
and ignore all data except for data in a liquid range, as visualized in Fig. 3.4.
The situation we regard is representative for many substances where only
limited experimental data in the liquid phase is available. In this case, only
parameter b and c of the proposed entropy scaling model were adjusted to data
in the liquid phase, whereas parameter a was defined (with a = 0.175—0.237m,
as discussed above). Fig. 3.4 shows good agreement of the so-parameterized
model to experimental data in the full range of residual entropy and thus
rather robust extrapolation behavior.

A table with the resulting parameters a-c for all substances is given in the
Supporting Information. Despite the encouraging test of how the proposed
model extrapolates to conditions not covered by experimental data, we have
some reservation about predicting self-diffusion coefficients in the gas phase,
because we only have 20 substances with experimental data in the gas phase,
with 4 of them missing data in the liquid phase. To clarify the behavior
of the self-diffusion coefficient in gaseous phase, we consider using molecular
simulations for a wide range of substances in future work.
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Figure 3.4: Assessment of the robustness towards extrapolation in s*, by ar-
tificially limiting the range of experimental data. The symbols
show all experimental data for ethylene. The line represents the
adjusted correlation function, eq. (3.3) adjusted only to data in
the indicated range of consideration (—2.8 < s* < —2.2). The
selected range of data for adjustment corresponds to typical ex-
perimentally given liquid phase conditions. Only parameters b and
c were adjusted, parameter a was defined as discussed above.

3.2.2 Subcooled Liquids

In our study, data of subcooled liquid conditions were found for 7 substances:
toluene, 1-2-diphenylbenzene, propylenecarbonate, methylformamide, methanol,
1,2,3-propantriol and water. Fig. 3.5 confirms that self-diffusion coefficients
of subcooled liquids obey the entropy scaling principle, showing a monovari-
able dependence D*(s*), but with a strong increase in slope at increasingly
negative s*. For correlating the data including the subcooled conditions, an
substitution to the correlation function, eq. (3.3), is proposed, as follows

pDcalc
pDTEf

The substitution of ¢s*3 from eq. (3.3) by ¢ (1 — exp (—ds*)) in eq. (3.5) allows
stronger increases in slope, but needs one additional parameter. Furthermore,
the parameters ¢ and d [of eq. (3.5)] are highly sensitive to their corresponding
starting values [used for adjustment] and therefore result in a less robust
extrapolation capacity. Due to these reasons, we refrain from using eq. (3.5) as
universal correlation function. The rules for defining or adjusting parameters
a and b nevertheless remain valid.

Using the extended entropy scaling model, eq. (3.5), the entire fluid region,
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including the subcooled region can be described with good agreement to ex-
perimental data, as confirmed for toluene in Fig. 3.5.

Toluene

experiment X
exp. subcooled x
correlation (5) —

T
-1.0 0.0

Figure 3.5: Toluene: Logarithmic reduced self-diffusion In(D*) = In(D/D%¥)
versus reduced residual entropy s*. The green crosses denote data
of subcooled states; black crosses show experimental data of stable
(non-subcooled) states. The line represents the correlation func-
tion, eq. (3.5). Absolute average deviations: 13.76% (170 points)
when neglecting subcooled data and using eq. (3.3); 12.76% (199
points) when using eq. (3.5) and subcooled data.

3.3 Results and Discussion

In this section, we parameterize and investigate 133 substances from more
than 14 chemical families.

We generally used all experimental data we found in literature, independent
of measurement technique or date of publication. Data published in older ref-
erences were occasionally published without explicit mention of measurement
pressure. In these cases, we assumed atmospheric pressure. We neglected
experimental data for pressure conditions greater than 100MPa, because of
increasing uncertainties in calculated residual entropies from the PCP-SAFT
model at very high pressures. For substances with many sources, we ne-
glected data from sources which showed obvious, pronounced inconsistencies
compared to other data points. Individual outliers from otherwise seemingly
reliable sources were not removed. For some substances, we found experi-
mental data from different literature references giving contradicting entropy
scaling curves, whereof none could be removed with sufficient confidence. We
kept all data for these cases. In summary, although entropy scaling is rather
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powerful in identifying outliers, we pursue a rather conservative approach for
excluding experimental data.

A graphical representation of results from the proposed entropy scaling model
for self-diffusion coefficients is given for three (of the 133 considered) sub-
stances. We exemplary present results for xenon (Fig. 3.6(a), AAD 5.4%,
197 points) as a nonpolar substance, for 1-propanol (Fig. 3.6(b), AAD 5.1%,
147 points) as a moderately polar component, and for water (Fig. 3.6(c),
AAD 12.9%, 687 points without / 17.6%, 804 points with data for subcooled
liquid conditions) as a highly polar, hydrogen-bonding substance. We here
use averaged absolute deviations (AAD) as a measure of error. The data for
xenon does not satisfactorily collapse onto a single line, which could indicate
limitations of the entropy scaling principle. From the experience with other
substances, however, we suspect that the scattered data is indeed due to errors
in the experimental data.

That assessment is supported by the observation that several experimental
points of different authors reported for the same combination of temperature
and pressure vary by 5 to 15%. 1-Propanol is a substance where self-diffusion
coefficients for the gas phase are not available, to our knowledge. The entropy
scaling model can be used to predict self-diffusion coefficients in the gas phase.
For water, we found a very pronounced increase in slope for highly negative
values of s* even when data for subcooled liquid conditions were excluded. We
thus applied correlation eq. (3.5) for water even when neglecting subcooled
data. The results for all three substances show good agreement of the pro-
posed model for the self-diffusion coefficient with an effectively monovariable
dependence of D* on s*.

To assess the effect of chain length, roughly every second n-alkane from C; to
Cs4 is shown in Fig. 3.7. With increasing chain length the curvature increases
and the ordinate intercept decreases. For n-alkanes, we found experimental
data in gaseous phase for methane and ethane only. For those two, and for
n-alkanes where experimental data covers a sufficiently large range of residual
entropy (namely C3-C;4,C15-Cq4,Cq4,Cq5 and Csg), the a parameter (defining
the intercept) was adjusted. The criterion for predefining the a-parameter (as
discussed in section Robustness) was activated for all other n-alkanes.
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Figure 3.6: Xenon, 1-propanol, and water: Logarithmic reduced self-diffusion
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In(D*) = In(D/DF) versus reduced residual entropy s* as well as
self-diffusion coefficients for varying pressure. Comparison of the
proposed entropy scaling model (red line and red circles), eq. (3.3)
to experimental data (crosses). Black and green crosses are exper-
imental data. Red circles are the corresponding calculated values.
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Figure 3.7: Several n-alkanes: Logarithmic reduced self-diffusion In(D*) =
In(D/DCFE) versus reduced residual entropy s*. The symbols de-
note experimental data, lines represent the corresponding correla-
tion functions, eq. (3.3).

Figure 3.8 presents deviations (as AAD%) of calculated to experimental self-
diffusion coefficients. We show deviations in two different ways. The blue
histogram as well as the blue circles connected with a solid blue line are the
AADY% values. As a measure for the distribution of deviations, we additionally
present box-and-whisker marks of the AAD%. In that representation, 50%
of all data points fall within the box, and the bottom and top edge of the
box correspond to the first and third quartiles (i.e., 25% and 75% of the data
points), respectively. The range from the bottom of the box to the lower
end of the whisker represents the AAD% range where the 25% of the data
points with the lowest AAD% values lie. The upper end of the upper whisker
represents the 90% value (i.e., 90% of data points have an AAD% value lower
than this value). The red band inside the box gives the median (i.e., 50% of
data points have an AAD% value lower than this value and vice versa).

The results of all 133 substances considered in this study grouped into 14
chemical families are summarized in Fig. 3.8(a). The group titled ’others’
contains substances from chemical groups with less than 3 representatives.
The overall agreement for all 133 compounds is rather satisfying with average
deviations of 8.2%. A table listing absolute average deviations of all available
substances individually is given in the Supporting Information.

The absolute average deviations of n-alkanes are regarded individually in
Fig. 3.8(b) to investigate how the proposed model performs for increasingly
non-spherical fluids, up to C36. The diagram shows no systematic increase in
deviations for larger alkanes and thus confirms that the model is robust for
increasingly non-spherical fluids.
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In Fig. 3.8(c) we collect all substances with available data at subcooled liquid
states. The average errors are somewhat higher than typically found with
the proposed approach. Considering the width of state point conditions cov-
ered for these substances, however, we still consider the proposed model in
satisfying agreement to the experimental data.

We emphasize that our work aims at a model possessing some robustness to
extrapolation with a low number of adjustable parameters. We wish to pro-
vide a simple but reasonable estimation for transport properties at state points
with lacking experimental data. If a higher accuracy is required, of course,
the polynomial order can be increased, which leads to a higher number of
parameters but a less robust extrapolation behavior outside the range given
for adjustment. By applying criteria for predefining some of the model pa-
rameters (with rules detailed above), thus reducing the number of adjustable
parameters, we trade high correlation quality for higher robustness to extrap-
olations. That is apparent for example for esters, where ignoring the rules
for predefining some of the model parameters leads to an absolute average
deviation of 3.51%, instead of 4.17%.

Generally, we observe a relatively high variance of the available experimental
data especially across experimental data from different literature references.
Although, as a theoretical study, we have to be conservative about assessing
experimental data, we came to belief that much of the scatter seen in our
approach is not due to severe limitations of the entropy scaling approach, but
is rather caused by deviations and uncertainty in the available experimental
data. Taking the skepticism about the available data into account (and the
fact that contradicting experimental data exists), we consider the correlation
results of the proposed model as rather satisfying.

To arrive at an entirely predictive approach, we consider the development of
a group contribution approach for the self-diffusion coefficient in future work.

3.4 Conclusion

This study proposes a model for the self-diffusion coefficient of pure sub-
stances. The model is based on entropy scaling and is applicable for the
entire fluid region, even including subcooled liquid conditions. We investigate
133 substances from more than 14 different chemical families and emphasize
the robustness in correlating and extrapolating self-diffusion coefficients to
conditions rather distant from state points where experimental data is avail-
able. The overall average deviations for all 133 compounds is 8.2%, which we
assess as rather satisfying. For all considered n-alkanes (27 substances, 2082
points) we achieve an average deviation of 8.7%; for all non-polar and non-
associating substances (55 components, 4604 points) 7.3%; for all polar but
non-associating substances (51 species, 1381 points) 8.8%; and for all polar
and associating components (27 substances, 1925 points) 9.8%.

56



n
o

_
()]
|

average deviation / %
o
|

(a) groups of substances

w
[&]

median —

| deviation / %
- - n [\ w
o (6] o (6] o (6} o
T T R B

1 83 5 7 9 11 13 15 17 19 21 24 30 36

2 4 6 8 10 12 14 16 18 20 23 28 32
Number of Carbon Atoms

(b) n-alkanes

(c) substances with data for subcooled liquid conditions

Figure 3.8: Absolute average deviations of calculated to experimental self-diffusion co-
efficients (a) for all 133 substances averaged across chemical groups. (b)
Box-and-Whisker representation of the distribution of deviations for the ho-
mologous series of n-alkanes, and (c) for substances with data for subcoold

liquid conditions. Circles, connected with a solid line, are the AAD% of each
substance.



Supporting Information

This material is available free of charge via the Internet at http://pubs.acs.org.
The Supporting Information details (1) the pure component parameters of
the PCP-SAFT model for all considered substances, including the origin of
experimental data. (2) we summarize the parameter rules described in sec-
tion Robustness and clarify them using a diagram. (3) the parameters a-c
including the absolute average deviations for all considered substances are
tabulated. Further, (4) the results and parameters of the enhanced model
for substances with data at subcooled liquid conditions are given. Addition-
ally, (5) we provide a similar diagram as Figure 1 for all approaches for the
reference self-diffusion coefficient given in Table 1.

[The supporting information is given in Appendix B of this work.]
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4 Thermal Conductivity via Entropy Scaling:
An Approach that Captures the Effect of
Intramolecular Degrees of Freedom

This chapter is a literal quote of:

M. Hopp, J. Mele, R. Hellmann, J. Gross: Thermal Conductivity via Entropy
Scaling: An Approach That Captures the Effect of Intramolecular Degrees of
Freedom, Industrial & Engineering Chemistry Research, 2019, 58, 39, 18432—
18488, DOI:10.1021/acs.iecr.9b03998.

Additions implemented in this chapter compared to the original journal publi-
cation are indicated by square brackets.

Specific contributons of the authors of the original publication are as follows:
Julia Mele served as a sparring partner in discussions about diffusion and the
parts of this chapter which are based on her master thesis, as described in
chapter 3.

Robert Hellmann made a thorough review of one of my earlier publications in-
cluding some deeper questions and ideas. He kindly made himself known after
final publication of that manuscript, thus encouraged us to have a further look
into the topic of this chapter and helped through fruitful discussions.

I, under the supervision of Joachim Gross, defined and implemented the model
and conducted the calculations using the PCP-SAFT FoS as well as the study
of 109 pure substances considered in this chapter.

The thermal conductivity of gases depends strongly on the vibrational and ro-
tational degrees of freedom of the molecule under consideration. Entropy scal-
ing is based on the residual entropy, which does not capture the intramolec-
ular and rotational contributions. This study proposes a model for the ther-
mal conductivity that accounts for these degrees of freedom. We use the
Chapman—Cowling approximation, where contributions of internal degrees of
freedom to the thermal conductivity of an ideal gas are related to the self-
diffusion coefficient. A resulting expression for the thermal conductivity is
used as a reference in entropy scaling. We find experimental values for ther-
mal conductivities in the entire fluid range to be (to good approximation)
a function of residual entropy only. This study shows that entropy scaling
is a strong approximation also for thermal conductivity, provided a suitable
expression is chosen for the reference thermal conductivity.
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4.1 Introduction

Transport properties are required for the design of process equipment [1] and
for the optimization of chemical [2, 3] or energy processes [4, 5]. In previous
work, we developed predictive methods for the viscosity [6, 7], self-diffusion
coefficient, [8] and thermal conductivity [9] of pure substances, as well as for
the viscosity of mixtures [7], based on the entropy scaling approach. [10, 11]

According to Rosenfeld’s entropy scaling, there is a univariate dependence of
transport properties on residual entropy if the transport property is divided
by a suitable reference expression. The principle is powerful for developing
models for transport properties. The dependence of the dimensionless trans-
port property of a pure substance with residual entropy can be correlated
with a surprisingly small number of adjustable parameters, say of a poly-
nomial Ansatz function. The actual transport property can be calculated
for any fluid condition of interest by combining this reference quantity with
the simple correlation polynomial. An equation of state, here the perturbed-
chain polar statistical associating fluid theory (PCP-SAFT) equation of state
(EoS), [12, 13] is needed to calculate the residual entropy for any given sub-
stance at given temperature and pressure.

For thermal conductivities of gas-phase conditions, the internal degrees of free-
dom (vibration and rotation) have a significant contribution. That is specific
to thermal conductivities and is not observed for viscosity and self diffusion
coefficients. A special treatment of the reference value of the thermal con-
ductivity is necessary to correctly account for the influence of intramolecular
degrees of freedom. If this influence is not accounted for, a strong deviation
from the otherwise univariate dependence of thermal conductivity on residual
entropy occurs, as was shown in ref [9]. A correction covering the influence
of the internal degrees of freedom on the gas-phase thermal conductivity can
be described surprisingly well through a simple, quasi-universal function of
temperature and molecular structure [9]. But this model fails for molecules
with few or no internal degrees of freedom, such as nitrogen or rare gases.

In this work, we propose a reference thermal conductivity for entropy scaling
based on an approximate theory by Chapman and Cowling [14, 15]. Using
the Chapman-Cowling theory, we physically describe the underlying transport
process of energy stored in the internal degrees of freedom as a diffusion
process.

4.2 Entropy Scaling

The essence of entropy scaling is a univariate dependence of dimensionless
transport properties on residual entropy, only. Rosenfeld [10, 11] originally
investigated this dependence for dynamic viscosity 7, self-diffusion D®, and
thermal conductivity A for simple, monatomic fluids. In subsequent studies, it
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was found, however, that his approach is applicable to a wide array of model
fluids and real substances. [6-9, 16-48]

In this work, the residual entropy is calculated using the PCP-SAFT EoS
[12, 13]. As in our preceding studies, [6-9] we define the reduced residual
entropy as

s* =5 /(kpm) (4.1)

with Boltzmann’s constant kg and segment number m of the PCP-SAFT EoS.
We have good experience in adopting the segment number m, as a measure
for the non-spherical shape of molecules into eq. (4.1) because that leads to
similar ranges of s* values for rather different substances. The dimensionless
thermal conductivity A* and the dimensionless self-diffusion coefficient D* are
defined as

A= \/ret (4.2)
D¥ = ﬂDS/ﬂDref
A sensible choice for a reference thermal conductivity A*®f and for pD™' is
necessary, where D™ is the reference self-diffusion coefficient and p is the
number density. The advantage of using the product of number density and

self-diffusion coefficient is that it has a finite value in the limit of zero density,
just like the dynamic viscosity and the thermal conductivity [14].

Following a dimensionality analysis, Rosenfeld [10, 11] proposed
Aref = p2/ 3kB\/kBT/M ! as reference thermal conductivity, with molecular
mass M’. In our previous studies, [9] we investigated several possibilities for
the reference thermal conductivity A\*f and finally proposed

)\ref,oc _ )\CE +a(8*)>\int (44)
sow _ V/T/(M]m) 83.235 kg®/? A% m (45)

o2Q(22)" 103/2 K3/2 me]t/? ¢3

kgm
105 s3 A3 K2
a(s™) = exp(—s"/s%) = exp(—s"/s:7) (4.7)

N = (m?0%e/kg) (a1 T* + coT*?) (4.6)

where T' is the temperature and M is the molar mass. Further, m, ¢ and
€/kp are the segment number, size and energy parameters of the intermolecu-
lar potential of the PCP-SAFT EoS, respectively, with Boltzmann’s constant
kg. Further, Q(>2) is a reduced collision integral for the Lennard-Jones (LJ)
12-6 fluid as given by Neufeld et al. [49], T* = kgT/e is a reduced temper-
ature, ¢; = —0.0167141 and ¢z = 0.0470581 are model constants [9], and

st = st/ (kpm) = s (Te, pc)/(kpm) is the reduced residual entropy at the
critical point calculated from PCP-SAFT. The reference thermal conductiv-
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ity is divided into the classical contribution A" = ACF covering translational
degrees of freedom and a contribution At that accounts for internal degrees
of freedom, i.e. vibration and rotation. Both contributions are connected by
the transition function a.

Using eq. (4.4) for the reference term in eq. (4.2) leads to a benign, nearly
univariate dependence of the thermal conductivity A* on reduced residual
entropy s* [9]. To correlate this dependence of A* on reduced residual entropy
s* we earlier proposed the correlation function [9]

In(\*) = A + Bs* + C[1 — exp(s*)] + Ds*? (4.8)

with correlation parameters A to D adjusted to experimental data. Correla-
tion parameters for many substances can be found in our previous work [9].
Parameters for all substances not considered in our previous work are given
in the Supporting Information. Equation (4.8) can be used to predict thermal
conductivities of pure substances outside the range of temperature and pres-
sure used for correlating the parameters A to D. Using the proposed scaling
approach \"f'® as given in eq. (4.4) leads to a good description of pure organic
fluids from various chemical families [9].

Limitations of the Previous Model )\

The term A\™ in the reference thermal conductivity, eq. (4.6), accounts for con-
tributions from intramolecular degrees of freedom to the thermal conductivity
in low-density fluids. In developing an expression for A", we had focused on
substances with sufficiently many internal degrees of freedom (bond vibrations
and rotational contributions). In our previous work, we applied the term A"t
to all substances (through eqs. (4.4) to (4.7)), regardless of the number of
intramolecular degrees of freedom a given molecule has. For substances with
few internal degrees of freedom, the contribution A" is not suitable. For rare
gases, for example, the contribution should be zero altogether. As a result, for
simple substances, such as xenon or nitrogen, the reference A™H® as suggested
earlier [9], is limited to fluid conditions in the liquid phase, where the contri-
bution from A" becomes negligible. In this work, molecules with a reduced
number of internal degrees of freedom (e.g., Ny, O,, and the rare gases) will
be referred to as simple molecules. Applying A\"H® to simple fluids, as done in
Figure 4.1 for xenon and nitrogen, clearly shows the inappropriateness of the
model. The Figure reveals strong deviations of the reduced thermal conduc-
tivity A* from a univariate dependence on the reduced residual entropy s* for
the dilute gas limit (s* — 0). If, in contrast, only the classical contribution
Aref = ACE (eq. (4.5)) is used as reference thermal conductivity, correspond-
ing to A" = 0, one finds very good results for monatomic molecules (rare
gases, Figure 4.1 a) and only small deviations for diatomic molecules (e.g.,
N,; Figure 4.1 b). These results show that monatomic fluids or fluids with
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Figure 4.1: Thermal conductivities of xenon and nitrogen, comparing two ref-
erence thermal conductivities, namely A (eq. (4.4)) and A\“F
(eq. (4.5)). Logarithmic reduced thermal conductivity A* = A/
versus reduced residual entropy s*. The symbols denote results
obtained using experimental data for A. The black lines represent
the corresponding correlation function, eq. (4.8).

low number of internal degrees of freedom are not correctly described with
the reference thermal conductivity ' according to eq. (4.4).

4.3 Improved Reference Thermal Conductivity

To overcome the limitations of the previously published model for thermal con-
ductivities discussed above, we apply the approximate Chapman and Cowling
(CC) theory [14, 15]. The approach assumes that no energy is exchanged
between the translational and intramolecular degrees of freedom during col-
lision events between molecules. As a consequence, the energy stored by
each molecule in its internal degrees of freedom is effectively conserved and
is transported solely by the self-diffusion of the molecule. As in the CE the-
ory, a spherically-symmetric intermolecular potential is assumed in the CC
approach. The resulting CC expression for the thermal conductivity reads

ACC = \CE 4 pDOE(le — 1.5kp) (4.9)

with ideal-gas heat capacity at constant volume ci8. The second term sub-
tracts 3/2 - kg from c# to eliminate the contribution due to translational
motion of molecules because translational degrees of freedom are already cov-
ered by the CE term. Fouad and Vega [29] approximated pDCE via the CE
viscosity as proposed in the CE theory [14, 15], achieving good results for the
calculation of saturated and liquid thermal conductivities of hydrofluorocar-
bon and hydrofluoroolefin refrigerants. Calculations for the gas phase, where
the relative influence of the intramolecular degrees of freedom on the thermal
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conductivity is the highest, were not shown. To improve the CC approach,
we propose, first, to use the full density-dependent self-diffusion coefficients
pD* = pD™' D* instead of the ideal gas contribution pD®F and, second, use
the heat capacities ¢, of the substances at the considered state point rather
than ¢& in eq. (4.9), yielding

A = \CE DS (e — 1.5kg) (4.10)
— /\CE+pDref(CV _ 15]{3B)D*

This equation replaces the earlier model, eq. (4.4), in the entropy scaling
approach. More specifically, the empirical contribution aA™* of eq. (4.4) is
not needed any more; it is replaced by the second term on the right-hand side
of eq. (4.10). With this approach we investigate the hypothesis that a self-
diffusion mechanism captures the thermal conductivity contribution for gas
phases due to internal degrees of freedom (rotation and vibrations) reasonably
well to yield an improvement by using A™5™ instead of A**"'® as the reference
thermal conductivity.

In a recent study, we showed that self-diffusion coefficients of pure substances
can be correlated accurately employing entropy scaling [8]. In contrast to the
thermal conductivity, we did not find a pronounced influence of the number
of intramolecular degrees of freedom on the quality of the model for the self-
diffusion coefficient. This could be due to the fact that the transport of
mass, i.e. diffusion, is not significantly influenced by the presence of internal
degrees of freedom. Within the above-mentioned assumptions that lead to
the CC approximation for the thermal conductivity, the internal degrees of
freedom indeed have no influence at all on the self-diffusion coefficient.

Introducing the correlation function D*(s*) into eq. (4.10) using the entropy-
scaling approach given in ref [8] leads to the new reference thermal conduc-
tivity

ArebD — \CE 4 pDref (¢, — 1.5kg) exp{a + b[1 — exp(s*)]s*? + ¢s™3}  (4.11)

The self-diffusion correlation parameters a to ¢ were adjusted to experimental
data points for an array of real substances and can be found in ref [8]. We
calculate ¢, = 8 + ¢ using correlations from the DIPPR database [50] for
the ideal gas heat capacity ci& and PCP-SAFT for the residual contribution
™. For the new approach using A\"f = X\ according to eq. (4.11) as the
reference thermal conductivity in eq. (4.2), no empirical transition function
a(s*) is needed to combine the classical and non-classical contribution to the

reference thermal conductivity.
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4.4 Results

In this section, we show results for the calculation of the thermal conductivity
of pure substances. We compare results of the new model A (eq. (4.11))
with calculations using the old model A\**h® (eq. (4.4)) for substances with
many internal degrees of freedom. For the group of simple molecules, we
compare the new model A\*® with the pure CE reference A“F (eq. (4.5)). In
total, we investigated 109 substances representing 15 chemical families. The
group of simple molecules contains 9 substances. As in our previous studies,
we generally used all experimental data we found in literature, independent
of measurement technique or date of publication. Data published in older ref-
erences were occasionally published without explicit mention of measurement
pressure. In these cases, we assumed atmospheric pressure. We neglected
experimental data for pressure conditions greater than 100 MPa because of
increasing uncertainties in calculated residual entropies from the PCP-SAFT
model at very high pressures. For substances with many literature sources,
we neglected data from sources which showed obvious, pronounced deviations
compared to other data points. Individual outliers from otherwise seemingly
reliable sources were not removed. For some substances, we found experi-
mental data from different literature references giving contradicting entropy
scaling curves, of which none could be removed with sufficient confidence. We
kept all data in these cases. In summary, although entropy scaling is rather
powerful in identifying outliers [9], our approach for excluding experimental
data is rather conservative.

4.4.1 Fluids with a Low Number of Intramolecular Degrees of Freedom:
Simple Fluids

We investigate the group of simple molecules first because our previously pub-
lished model [9], using A" according to eq. (4.4), showed serious deficiencies
for this group. In Figure 4.1 we already showed the inappropriateness of the
earlier model for simple fluids. Rather than comparing the new approach,
eq. (4.11,) for the reference thermal conductivity to the earlier model, we
select a different, better approach for comparison. Figure 4.1 suggests that
the simple Chapman-Enskog equation is a suitable expression for the ref-
erence thermal conductivity A\™f of simple molecules. For simple fluids, we
therefore compare results using the new expression for the reference thermal
conductivity to the calculations using the simple Chapman-Enskog equation.
For xenon as a monatomic fluid and for N, as a diatomic molecule, Figure 4.2
shows a drastic improvement of the approach proposed in this work compared
to our earlier approach (Figure 4.1). For xenon, the result of the proposed
approach is almost indistinguishable from the result obtained using the simple
Chapman-Enskog equation for the reference thermal conductivity. For xenon,
the heat capacity ¢, in the range of temperatures covered by the experimental
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data is sufficiently close to 3/2kp, so that the second term of eq. (4.11) has
no substantial contribution. For nitrogen, however, as a substance, where the
rotational energy and bond-vibrational energy contributes to ¢, leading to
values of ¢, > 3/2kp in eq. (4.11), the proposed entropy scaling approach
shows better agreement to experimental data than does the model where the
simple Chapman—Enskog equation is used for the reference thermal conduc-
tivity.

In Figure 4.3, we compare averaged absolute deviations (AADs) for all 9 sub-
stances investigated in the group of simple molecules. For A*F™ as reference
thermal conductivity, we achieve similar AADs (on average 5.5%) as for ACF
(on average 5.7%). We note also that these average deviations are much lower
than for our original model, ref [9].

4.4.2 Fluids with Higher Number of Intramolecular Degrees of Freedom

Thermal conductivities for molecules with many internal degrees of freedom
are shown in Figure 4.4. Results obtained using the reference thermal conduc-
tivity A"H (eq. (4.4)) and the new CC-based model A (eq. (4.11)) are
compared. For both models, the reduced thermal conductivity A* shows an ap-
proximately univariate dependence on reduced residual entropy s*. Towards
the ideal gas limit (s* — 0), the new model to a lesser degree collapses onto a
single line. The reason may lie in the CC assumptions or in the approximate
description of gas-phase self-diffusion with the entropy-scaling approach [8].
Generally, both models lead to a differently shaped function A*(s*). Nonethe-
less, we use the same functional form for the correlation polynomial (eq. (4.8))
for both models.

We analysed a database of 100 organic substances, where experimental data
for thermal conductivities was available to us and where self diffusion D® was
parameterized from entropy scaling [8]. The average correlation results for all
substances of the database obtained for both models are similar: the AADs are
7.7% for the model using A\*"" and 6.4% for the model previously proposed
using the empirical A"/ expression. Average deviations from both models for
various chemical families are summarized in Figure 4.5. It might be possible
to improve the results for the new model by using a better ansatz function
for A\*(s*), noting that eq. (4.8) was proposed specifically for the previous
model, but we were not successful in finding a more suitable function with
an equally small number of parameters. However, we expect that another,
more suitable ansatz function, would only lead to mildly improved results for
organic substances with many degrees of freedom.

The results indicate that the influence of the internal degrees of freedom on
the gas-phase thermal conductivity is captured reasonably well by the self-
diffusion mechanism underlying the CC equation. Our study suggests that
substances with varying number of internal degrees of freedom can now be
described consistently using only one reference thermal conductivity, namely
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et (eq. (4.11)), in the entropy-scaling approach. A full list of investigated
substances, averaged absolute deviations, and polynomial parameters is given
in the Supporting Information.

4.5 Conclusion

In this work, we proposed a new reference thermal conductivity for entropy
scaling based on a kinetic-theory approach by Chapman and Cowling that
describes the influence of intramolecular degrees of freedom on the thermal
conductivity by a self-diffusion mechanism.

This study shows that an entropy-scaling model proposed in our previous
work, using an empirically modified Chapman-Enskog expression A\*/® | leads
to pronounced deviations for molecules with a low number of internal degrees
of freedom, such as rare gases and diatomic molecules. The new reference ther-
mal conductivity A" overcomes these shortcomings, at the same time elim-
inating the need for an empirical expression. We investigated 9 monatomic
or diatomic substances, which are described with average deviations of 5.5%
(AAD) using the new model. For the 100 investigated substances with many
internal degrees of freedom from more than 14 chemical families, the new
model gives an average deviation of 7.7% (AAD), which is comparable to
6.4% for the former model A\**"®. The advantage of the new model for the
thermal conductivity is its applicability to substances ranging from simple
monatomic to complex molecules with many internal degrees of freedom.

4.5.1 Supporting Information

The Supporting Information details (1) the AADs for the investigated ap-
proaches, the quality of the underlying approach for D®, as well as the number
of available data for all investigated substances. Further, (2) parameters A-D
for the group of simple molecules using A“F are given, and (3) parameters
A-D for all considered substances using the new model \**F are listed, and
(4) parameters A-D using the formerly published model A\*/® are provided
for all substances not considered in the Supporting Information of ref [9].
[The supporting information is given in Appendix C of this work.]
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Figure 4.2:
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Thermal conductivities of xenon and nitrogen. Comparing results
from entropy scaling using two different reference thermal conduc-
tivities, namely A*%® (eq. (4.11), green x) and A\“® (eq. (4.5),
blue circles). Experimental data for xenon covers the range
145K < T < 2000 K and 0.01 MPa < p < 107 MPa, for nitrogen it
covers 68 K < T < 2470K and 0.01 MPa < p < 260 MPa. a and
b: Logarithmic reduced thermal conductivity \* = A/A\™ versus
reduced residual entropy s*. The symbols denote results obtained
using experimental data for A. The black lines represent the corre-
sponding correlation function, eq. (4.8). All residual entropies are
calculated from the PCP-SAFT model. ¢ and d: Experimental
(black dots) and calculated (colored crosses and circles) thermal
conductivities versus temperature.
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Figure 4.3: Averaged absolute deviations of calculated thermal conductivities
from experimental values. All investigated simple substances are
shown, sorted by molar mass. The entropy scaling model using the
reference thermal conductivity A“F is presented as full black bars,
the model using A" is shown in patterned bars. The dashed
line represents an AAD of 5% and serves as a guide to the eye.
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sults from entropy scaling using two reference thermal conductiv-
ities, namely A*h® (eq. (4.4), blue circles) and A (eq. (4.11),
green x). Experimental data for propane covers the range 90K <
T < 810K and 0.5Pa < p < 80MPa, for o-Xylene it covers
257K < T < 700K and 0.1MPa < p < 100MPa. a and c:
Logarithmic reduced thermal conductivity A* = \/A™f versus re-
duced residual entropy s*. The symbols denote experimental data.
The black lines represent the corresponding correlation function,
eq. (4.8). All residual entropies are calculated from the PCP-
SAFT model. b and d: Experimental (black dots) and calcu-
lated (colored crosses and circles) thermal conductivities versus
temperature.
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Figure 4.4: Thermal conductivities of propane and o-xylene. Comparing re-
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Figure 4.5: Averaged absolute deviations of calculated from experimental
thermal conductivities for groups of substances with many internal
degrees of freedom for the reference thermal conductivities A*f>®
(eq. (4.4)) and A\ (eq. (4.11)). The dashed line represents an
AAD of 5% and serves as a guide to the eye.
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5 Thermal Conductivity from Entropy Scaling:
A Group-Contribution Method

This chapter, except for Appendiz section 5.B, is a literal quote of:

M. Hopp, J. Gross: Thermal Conductivity from Entropy Scaling: A Group-
Contribution Method, Industrial & FEngineering Chemistry Research, 2019,
58, 44, 20441-20449,

DOI:10.1021/acs.iecr.9b04289.

Additions implemented in this chapter compared to the original journal publi-
cation are indicated by square brackets.

Entropy scaling has proven to be a powerful method for calculating trans-
port properties. The applicability of the entropy scaling approach to predict
the viscosity, thermal conductivity and self-diffusion coefficients of pure sub-
stances based on substance-specific parameters was over last years convinc-
ingly demonstrated in literature. In this work, we derive a predictive method
for the thermal conductivity based on entropy scaling. The model is devel-
oped as a group-contribution approach, where substances are considered to
be composed of chemical (functional) groups. The excess entropy is calcu-
lated using the group-contribution PCP-SAFT equation of state. The model
is applicable for gaseous phases and for liquid-phase conditions covering wide
ranges of temperature and pressure. We consider pure fluids from various
chemical families, namely alkanes, branched alkanes, cyclic alkanes, alkenes,
aldehydes, aromatics, esters, ethers, ketones and alcohols, and some individual
substances, such as water, carbon dioxide and alike. We propose parameters
of 29 chemical groups, by considering 231 substances with more than 50,000
experimental data points The group-contribution method for the thermal con-
ductivity proposed in this work is shown to be in convincing agreement with
experimental data, with 6.17% average absolute deviation for all considered
data points.

5.1 Introduction

Group-contribution (GC) methods allow for the description of macroscopic
properties of interest based on the chemical groups the considered substance or
mixture is composed of. Defining functional groups and describing molecules
as a combination of functional groups leads to a drastically reduced number
of adjustable parameters, compared to substance-specific modelling of prop-
erties. At the same time, and most importantly, the approach allows for
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predicting the properties of substances where experimental data is absent or
scarce. An overview on GC methods for thermophysical properties was re-
cently given by Su et al. [1]. While static properties, as density, vapor pressure
or heat capacity, can be described through a variety of approaches, correlative
or predictive approaches for transport properties are rare.

Our engagement for developing group-contribution methods was triggered by
the objective to simultaneously optimize products and processes [2-5], which
can only be accomplished satisfyingly when transport properties can be pre-
dicted with sufficient accuracy. In these optimization problems, the consid-
ered process, say an absorption-desorption process, or an organic Rankine
cycle, and the solvent or working fluid (mixture) are optimized simultane-
ously. When transport properties can be predicted directly using an equation
of state, it is possible to minimize an economic objective functions in product
and process design problems. In such a way, extended CAMD approaches
were for example proposed in [6, 7] for organic Rankine cycles or summarized
in [1] for thermodynamic cycles. Group contribution methods are powerful
for enabling simultaneous product and process design approaches.

Our previous studies showed that entropy scaling can be used to develop
models for transport properties. These models allowed to correlate, and sub-
sequently to predict, experimental viscosities of pure substances [8] and of
mixtures [9]. Further, models for thermal conductivities [10] and for self-
diffusion coefficients [11] of pure substances were proposed. These studies
showed that, based on limited number of experimental data used for corre-
lating the parameters, transport properties could be predicted well outside
the correlated range of temperature and pressure, i.e. within the whole fluid
region.

Over the last decades, group contribution methods describing the liquid phase
viscosity as a function of temperature were developed for a variety of sub-
stances [12-17]. Previous work from our group led to a group-contribution
model for viscosities in the whole fluid region based on residual entropy [8, 9],
which was surprisingly accurate given the richness of experimental database
and the low number of adjustable parameters.

For thermal conductivities, also group contribution approaches were devel-
oped as functions of temperature, but these are limited to a description of
either the vapor phase [18, 19] or the liquid phase [18, 20-25]. Very recently,
a group-contribution method for thermal conductivity of hydrocarbon mix-
tures described as pseudo-components based on entropy-scaling and our early
studies was developed by Rokni et al. [26].

In this study we develop a group-contribution method for thermal conductivi-
ties for substances of various chemical families on the basis of entropy scaling,
combined with the group-contribution perturbed-chain polar statistical asso-
ciating fluid theory (PCP-SAFT) equation of state (EoS) [27, 28] to calculate
the residual entropy.
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5.2 Theoretical Background

We briefly review the group-contribution (GC) PCP-SAFT equation of state.
Then, we give a short introduction to Rosenfeld’s entropy scaling [29, 30].
Finally, we describe the proposed GC model for thermal conductivities and
the approach for identifying the model parameters.

5.2.1 Group-Contribution EoS

Within the PCP-SAFT equation of state, molecules are considered to be
chains of
tangentially-bonded identical segments [27, 28]. Molecules are described by
the following pure component parameters: segment number m;, segment size
parameter o;;, and van der Waals (dispersive) energy parameter €;;. Polar sub-
stances are further characterized by a dipole moment p; and a quadrupole mo-
ment Q;, while hydrogen-bonding (associating) species have an energy param-
eter e4p and a range-parameter k4 p determining the short-range attractive
potential between site A and site B. For association parameters, we use the
index AB as short-hand notation, rather than AiBi. In a group-contribution
approach, similar parameters are assigned, but now to each individual func-
tional group «, namely: my, Oaa; €aas fas €AB, and kap. functional groups
are for example o € {—-CH4, -CH,—, —OH, ... }.

For the PCP-SAFT model, we can distinguish two GC approaches. In a ho-
mosegmented group-contribution method, one uses mixing rules to calculate
molecular parameters by averaging group-parameters of the considered sub-
stance. Such mixing rules were proposed by Vijande et al. [31], Tamouza et
al. [32] and Tihic et al. [33].

Heterosegmented GC approaches, in contrast, do not require mixing rules
because they consider molecular chains composed of different segment types.
Two important representatives of the heterosegmented approach are the SAFT-
~ method by Lymperiadis et al. [34] and the GC-SAFT-VR method by Peng
et al. [35]. Heterosegmented GC approaches based on the PC-SAFT EoS were
presented by Gross et al. [36] (although only copolymers were considered in
their study), by Paduszyniski and Domanska [37], by Peters et al. [38], and by
Sauer et al [39].

The study of Sauer et al. showed the heterosegmented approach to be superior
to the homosegmented model for phase equilibria [39]. While liquid densities
are described about equally well with both approaches, vapor pressures are
represented more accurately by the heterosegmented approach. For predicting
transport properties (namely viscosity), however, the heterosegmented GC
approach did not lead to significant improvements, as Lotgering-Lin and Gross
showed [8].

Therefore, in this work, we use the homosegmented group-contribution method
based on the PCP-SAFT EoS using mixing rules by Vijande et al. [31] as de-
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scribed and parameterized by Sauer et al. [39]. For n-alkanes, where only m,,
oi; and €;; of a component ¢ are needed, the mixing rules are

m; = § N oM
(e
3 3
m;oy; = E N M0y (5.1)
(e

mi€q; = § N aMa€an
o

where n; o, denotes the number of functional groups of type o in substance .
Group parameters have been adjusted to vapor pressure and saturated liquid
density data by Sauer et al. [39] and we use these parameters in this work
without any readjustment.

We note that the study of Sauer et al. [39] compared two concepts for de-
veloping a group-contribution equation of state, the homosegmented and the
heterosegmented approach. The study used a comparably low number of
adjustable parameters in order to clearly discriminate between the two mod-
elling concepts. The resulting group-contribution PCP-SAFT equation in the
current parameterization [39] (with low number of adjustable parameters)
therefore leads to higher deviations in liquid density (4.3% average) and va-
por pressure (9.7% average) than one would otherwise expect. The study of
Lotgering-Lin and Gross [8] showed that such deficiencies didn’t propagate
into the entropy scaling model for viscosity in an overly pronounced way,
when the entropy scaling model is parameterized to the group-contribution
PCP-SAFT model.

5.2.2 Transport Properties from Entropy Scaling

The central statement of entropy scaling as proposed by Rosenfeld [29, 30]
is, that transport properties, such as shear viscosity 7, thermal conductivity
A, and self diffusion coeflicients D® can be regarded as only dependent on
residual entropy, provided the transport property is written in an appropriate
dimensionless form. The dimensionless thermal conductivity A* is

A= A/t (5.2)

In this subchapter, we omit index ¢ for a considered substance. A suitable
expression for the reference thermal conductivity A\*! is not known a priori.
Rosenfeld, in his original publication suggested simple expressions for A™! (as
well as expressions for reference viscosity and for reference self diffusion coef-
ficients). These expressions lead to good results only for simple, spherically
symmetric fluids and lead to divergences in A\* towards the ideal gas (i.e. to-
wards zero residual entropy). In previous work, we proposed expressions for
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the reference thermal conductivity [10] A**f and also expressions for n™f and
D¢t for viscosity and self diffusion coefficients [8, 9, 11], respectively.

In agreement to preceding studies [8-11], we define the reduced residual en-
tropy as

s*=5"/(km) (5.3)

with Boltzmann’s constant & and segment number m of the PCP-SAFT equa-
tion of state. We emphasize that the residual entropy s'* (T, v) = s — s(T,v)
is defined with respect to an ideal gas system at same temperature and molar
volume v. [27] Introducing the segment number into Eq. 5.3 leads to a com-
parable range of s*-values for different substances. In our previous work [10],
we investigated several possibilities for the reference thermal conductivity Aef
and proposed a new expression. This expression is slightly redefined here, as

)\ref _ )\CE + ¢(S*)Aint (54)
\os _ VT/(M/m) 83235 10> kg®/? m’
T 520@2)  103/2 K3/2 moll/2 §3

. 10%° kg
int __ 2 3 * *2
ARt (m o e/k) (clT + T ) Sk
¢(s") = exp(—s"/(—-0.5))

with model constants ¢; = —0.0167141 and ¢cs = 0.0470581 and thermal
conductivity A in W/(m K). The size parameter o is in these equations used
in unit m. Further, Q(32)* represents the collision integral, which is calculated
according to Neufeld et al. [40]. The dimensionless temperature is defined
as T* = kT/(me). The reference thermal conductivity A\**f consists of a
classical contribution A°F, coming from translational contributions, and a
contribution A that accounts for internal degrees of freedom (vibration and
rotation). Contribution A" is relevant for low densities and is activated by
the transition function ¢. The difference of Eq. 5.4 to our previous work is
in the definition of the transition function ¢. In our previous study [10] we
defined the transition function as ¢ = exp(—s*/s}) using the reduced residual
entropy at critical temperature and pressure s¥ [see eq. (2.10) in Chapter
2 of this work]. As a step towards the description of mixtures, we simply
approximate s by —0.5, the average value of reduced residual entropy for the
calculated critical points of all considered substances.

The form of the internal contribution Ai"* in Eq. 5.4 resulted from an analysis
of experimental data for 26 substances at low-density conditions. In the mean-
time, we expanded our database and can now validate the proposed gas-phase
correction A\i"* for 128 substances from various chemical families. Figure 5.1
analyses the difference between experimental data at low densities and values
as calculated from the Chapman-Enskog term. This difference (AP — \CE)
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Figure 5.1: Analysis of the difference between experimental values of the ther-
mal conductivity and values estimated from the Chapman-Enskog
theory (AP — \E) as a function of reduces temperature T* for
128 substances in dilute gas conditions ( | s* |< 0.1). Full legend
given in the Supporting Information.

corresponds to the gas-phase correction A" as Eq. 5.4 clarifies (noting that
¢(s*) approaches unity for low densities, because s* approaches zero). Fig-
ure 5.1 confirms a rather good representation of the low-density limit of all
substances.

We shall now consider the functional dependence of dimensionless thermal
conductivity \* on reduced residual entropy s*. We proposed the function [10]

In(\*) = A+ Bs* + C(1 — exp(s*)) + Ds*? (5.5)

with correlation parameters A-D specific to each substance. The parameters
A-D were adjusted to experimental data. The functional form of Eq. 5.5 was
proposed because it led to rather well-behaved correlations for cases where
experimental data is scarce. We proposed criteria for defining some of the
parameters independently, depending on how comprehensive the available ex-
perimental data is. For substances with scarce data, only two parameters
are adjusted [10]. We refer to the resulting entropy scaling model based on
PCP-SAFT equation of state as the individual approach (where parameters
A-D are individually adjusted for each substance).

With an extended database of experimental data, we here revise the corre-
lation, Eq. 5.5. In contrast to our earlier work, we realized that parameter
D has a small influence on the quality of the correlation and that parameter
D can deteriorate the robustness of extrapolations, especially towards high
pressures (highly negative s*). We set D = 0 for all substances which were
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Figure 5.2: Correlation results of the individual entropy scaling approach us-
ing PCP-SAFT. a) Experimental and calculated thermal conduc-
tivity for various temperatures and for varying pressures. b) The
same data is shown as logarithmic reduced thermal conductivity
versus reduced residual entropy.

not part of our earlier work and for which parameters were newly adjusted in
this study using the individual approach. The resulting A-D parameters are
detailed in the Supporting Information.

Once the model parameters A-D are defined in the individual approach, the
thermal conductivity can be calculated for any given temperature T and pres-
sure p in the fluid range of a pure substance through three simple steps. First,
the EoS is used to calculate the residual entropy s'*(T,v) for given {T,p}.
Second, calculate s* using Eq. (5.3) and evaluate Eq. (5.5) to receive dimen-
sionless A*. Based on Eq. (5.4) and (5.2), finally calculate A. The strength of
the approach lies in the few adjustable model parameters needed and in the
surprising robustness to extrapolations. Results for ethylbenzene are shown in
figure 5.2 as an example with rather comprehensive experimental data cover-
ing a wide range of conditions, from vapor to liquid and at elevated pressures.

5.2.3 Group-Contribution Model for Thermal Conductivity

With the objective of devising a predictive approach for thermal conductivity,
we apply the GC-PCP-SAFT model for the residual entropy and for deliv-
ering suitable parameters for Eq. (5.3) and (5.4). The group-contribution
concept is also used for the model parameters A-D, by defining parameters
Aq-D,, from eq. (5.5) based on functional groups (index «). The number
of adjustable parameters for the group-contribution approach is rather lim-
ited. All n-alkanes, for example, only require six parameters (A4;H3 to C_cmn,
and A_cpn,- to C_cn,-). For thermal conductivity, we propose the following

87



group-contribution scheme

A= an,aAa B; = Zni,aBoz (56)

Ci= Zni»acoz D; = Z {gtDa for o« = —OH

otherwise

with n; o as the number of functional groups of type « in substance i and
with n' = 3>~ n;  as the total number of functional groups. We set D, to
zero for all functional groups «, except for the alcohol (hydroxyl) functional
group (—OH).

The development of these correlation summation rules is empirical. The pro-
cedure for finding these rules is described in the appendix.

Procedure for Adjusting Model Parameters

The group-specific model parameters A,-C,, (and D_og) have to be adjusted
to experimental data for the thermal conductivity of pure substances. This
is done in a consecutive scheme for different chemical families. First, the pa-
rameters for the segments —CH; and —CH,— are adjusted using data from
the homologous series of n-alkanes only. Once adjusted, these chemical-group
parameters are fixed for all other chemical families. As the second step, the
junction segments -CH< and >C< are adjusted to branched alkanes and
afterward kept fixed. In this fashion, all chemical-group parameters are ad-
justed subsequently to different groups of substances, while already adjusted
chemical-group parameters are kept fixed. We have also performed simulta-
neous optimization calculations, where the parameters reported below were
used as starting values and all parameters were simultaneously adjusted to the
entire data base. However, we have the impression that the model then looses
some robustness towards extrapolations, which is why we report parameters
that were consecutively adjusted to homologous series of chemical families.
Parameters A,-C, are adjusted according to the following procedure. Af-
ter reading all experimental data of a chemical family, the substance-specific
PCP-SAFT parameters are determined from Egs. (5.1) for every substance.
For every experimental condition {7, p} of the database, the reduced residual
entropy s* (in variables T, v) is calculated. That requires first, a density it-
eration (p = 1/v) for a considered condition {T,p} and with that density or
molar volume, the reduced residual entropy s* (in variables T, v) is calculated.
The group-contribution parameters A,-C, are optimized using a Levenberg-
Marquardt algorithm [41] by minimizing the squared relative deviations of
calculated values of logarithmic reduced thermal conductivity In(Ac¥c/Aref)
from values containing experimental data, In(A®® /\ref).

Experimental data for thermal conductivity was taken from the Dortmund
Database [42]. As in our previous studies [10, 11, 43], we generally used all
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experimental data we found in literature, independent of measurement tech-
nique or date of publication. For references that do not specify experimental
pressures, we assumed atmospheric pressure. We neglected experimental data
for pressures greater than 100 MPa because the PCP-SAFT equation of state
shows increasing uncertainties in calculated residual entropies at very high
pressures. For substances with experimental data from many literature refer-
ences, we neglected data from sources that showed pronounced and obvious
deviations compared to other data sets. Individual outliers from otherwise
seemingly reliable sources were not removed. Some substances have experi-
mental data from different literature sources with contradicting entropy scal-
ing curves, where none could be removed with sufficient confidence. In these
cases we kept all data. In summary, although entropy scaling is rather power-
ful in identifying outliers [10], our approach for excluding experimental data
is rather conservative [43].

Data points in a temperature-range and (at the same time) a pressure-range
of 10% around the critical point were neglected in the parameter regression.
First, thermal conductivity is known to undergo a critical enhancement [44-
50], and second analytical equations of state without a renormalization theory
[61-53] are known to overestimate the critical point. We emphasize, however,
that all results presented graphically or as deviations or as average deviations,
contain all available experimental data, including points in the vicinity of the
critical point. And further, we only report deviations based on the thermal
conductivity A, not on the logarithmic thermal conductivity, ln(\).

Because the underlying GC PCP-SAFT model was not parameterized for sub-
stances with multiple polar or hydrogen-bonding functional groups [39], such
substances were omitted in adjusting of parameters A, - C,. The resulting
parameters A, - Cy are given in Table S1 of the Supporting Information.

5.3 Results and Discussion

We assess the proposed group-contribution model through comparison to ex-
perimental thermal conductivities of pure substances. A variety of substances
from different chemical families are thereby considered. Deviations of the
model to experimental data is given as averaged absolute deviations (AAD).
The definition of AAD is given in the Supporting Information. We further in-
vestigate the robustness of extrapolation towards substances not considered in
the training set, including substances with multiple functional groups, and we
compare results of the group-contribution model to results of the individual
approach [10] (i.e. the model for thermal conductivity where each substance
is individually parameterized).

89



5.3.1 Model assessment

To assess the correlating capability of the GC method, we first compare
experimental thermal conductivities with results from the proposed group-
contribution model using entropy scaling and the GC PCP-SAFT equation of
state. Fig. 5.3 regards a non-polar substance, an associating (hydrogen bond-
ing) species and water. The average deviations of the model to experimental
data are AAD=6.2% for propane (2888 points), AAD=7.7% for 1-propanol
(402 points), and AAD=5.7% for water (2923 points). The deviations for
propane and 1-propanol are approximately representative for the entire group
of n-alkanes and 1-alcohols, respectively. One observes an overall good agree-
ment of the calculated thermal conductivity compared with the experimental
data for a wide range in temperature and pressure. Figures showing the de-
viation over the range of reduced residual entropy for these three substances
are given in the Supporting Information.

The proposed group-contribution model is based on two separable group-
contribution models: First, the GC PCP-SAFT equation of state for cal-
culating residual entropies s* and reference thermal conductivities A™f. And
secondly, the group-contribution model for the thermal conductivity (eq. (5.5)
and (5.6)). We proceed by first assessing the first group-contribution model,
namely GC PCP-SAFT, in comparison to the PCP-SAFT model. In PCP-
SAFT, parameters m;, oy and €; are adjusted individually to each substance,
which implies lower deviations to experimental data for properties used for
parameter regression (vapor pressure and liquid densities) as compared to the
GC PCP-SAFT equation of state. In order to single out how the choice of the
underlying equation of state acts on calculated thermal conductivities, we use
GC PCP-SAFT and adjust the correlation parameters A-D for each substance
individually. In doing so, we get the best possible result for GC PCP-SAFT
and can compare the results to results obtained using the PCP-SAFT model
(with also individually adjusted A-D parameters).

In the comparison, we also include the proposed full group-contribution model,
which uses GC PCP-SAFT but also applies the group-contribution equations
for the thermal conductivity, eq. (5.6). The comparison of the full group-
contribution model to the GC PCP-SAFT approach with substance-specific
parameters A-D allows to assess to what extent the results deteriorate by
using the group-contribution approach for the thermal conductivity, eq. (5.6).
For the comparison of all three models, we determined deviations of the models
to experimental values (expressed as AAD-values) using the same substances
as in our previous work [10], namely the homologous series of n-alkanes, the
set of butane-based substances from every chemical family, and the averaged
results from all considered chemical families. The comparison is presented in
Fig. 5.4. A detailed list of all individual deviations, the resulting polynomial
parameters A-D, as well as the used GC PCP-SAFT parameters, is given in
the Supplementary Information.
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posed group-contribution entropy scaling model (red line and red

circles) to experimental data (black crosses).
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perimental data: PCP-SAFT with A-D parameters individually
adjusted for every substance, GC-PCP-SAFT with A-D parame-
ters individually adjusted for every substance, and the full group-
contribution model using GC-PCP-SAFT and A-D from eq. (5.6)
(with parameters listed in Table S1 of the Supporting Informa-
tion).



We find only slightly changed average deviations using individual GC PCP-
SAFT as compared to the PCP-SAFT model. We can conclude that the
GC PCP-SAFT does not lead to marked deterioration of results compared
to the individually parameterized PCP-SAFT model. Fig. 5.4 further shows
the full group-contribution model with somewhat higher deviations than for
the other two models where parameters A to D are obtained individually for
each substance. Considering the substantially reduced number of adjustable
parameters for the full group-contribution model, however, the results of this
model are convincing, with average deviations of 6.17% for the full group-
contribution model compared to 5.38% for the individually adjusted PCP-
SAFT approach. We find it a remarkable result to achieve a comparable
quality of correlation for the thermal conductivity of such a variety of chem-
ical families and such a broad range of temperature and pressure using our
GC approach, with only a fraction of the number of adjustable parameters
compared to the individually parametrized model.

5.3.2 Transferability of group-contribution parameters

The main advantage of a group-contribution method is the possibility to pre-
dict the properties of substances with scarce or completely missing experi-
mental data, using information from chemically comparable substances. To
assess how well parameter of a functional group are transferable to substances
not considered in the training set, we divided our total database in a training
set and test set.

First, we regard the homologous series of n-alkanes and artificially limit the
experimental data used for the parameterization of A,-C, to 4 or 5 sub-
stances, as illustrated in Fig. 5.5. When predicting the thermal conductivity
of the missing substances, we observe a benign transferability to substances
in the test set. It is not surprising that a narrow training set (covering a
narrow range of alkane chain lengths) leads to higher deviations the further
one ‘extrapolates’ in alkane chain length.

Predicting properties of chemically comparable substances, as shown above
for a homologous series, is the main strength of a GC approach. The proposed
model indeed shows the capability of predicting within homologous series. In
a second step of analyzing the transferability of model parameters, we now
regard substances with multiple functional groups. With ‘multiple functional
groups’ we refer to substances containing more than one chemical groups
other than simple or branched alkane-groups. In general, group-contribution
methods are known for their limitations in predicting properties of substances
with multiple functional groups, especially when multiple polar or associat-
ing functional groups are involved. That is evident because group contribu-
tion methods cannot natively capture details such as intramolecular hydrogen
bonds or shielding effects of polar groups through other groups. Nevertheless,
we want to assess how the proposed GC approach performs when applied to
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the proposed model for thermal conductivity. The homologous
series of n-alkanes is divided into a training set and a test set.
The diagrams report averaged absolute deviations for all n-alkanes
contained in our database.
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Figure 5.6: Averaged absolute deviations for substances consisting of multi-
ple functional groups of same type. Grouped by functional-group
type, and within a group sorted by increasing chain length.

substances with multiple functional groups. We note also that the under-
lying GC PCP-SAFT equation of state was not primarily intended for such
substances, because GC PCP-SAFT was also parameterized only using sub-
stances containing one polar functional group [39]. For these reasons, we
regard substances with multiple functional groups as a tough and interesting
test case for a group contribution model and, of course, we do expect higher
deviations for predictions on substances containing more than one functional
group.

When using the proposed group contribution model to predict thermal con-
ductivities of substances with multiple functional groups of the same type
we have two observations: (1) substances with multiple —OH-groups are pre-
dicted in poor agreement to experimental data, and (2) for all other substances
one finds rather satisfying results (see Fig. 5.6). Figure 5.7 shows the entropy-
scaling behavior of substances with single and multiple groups of the same
type for esters and for alcohols. Data for the various esters are all grouped
in a rather well-behaved way. This is true for all chemical families for which
we found experimental data, except for alcohols. For the multi-functional
alcohols (primary alcohol, diol to triol) we see a retracting (yo-yo) behavior
with increasing number of hydroxyl-groups in Fig. 5.7. We consider an n-
alkane (with no hydroxyl-group) of comparable chain length as a reference.
A lowering of thermal conductivity is seen when a hydroxyl is added to an
alkyl-chain. Upon adding a second hydroxyl-group (diol), however, the ther-
mal conductivity increases and for a triol it proceeds to increase. The yo-yo
behavior would also have to persist in parameter A,-D, (mainly B,). The
linear structure of the mixing rules, eq. (5.6), does not allow for such a yo-yo
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behaviour without additional, specific parameterization.

Results for substances that contain two ore more different functional groups
are presented in the Supplementary Material in more detail. [A short study
concerning multi-functional alcohols is summarized in section 5.B within the
appendix of this chapter.]

5.3.3 Overall correlation results

The overall correlation result of the group contribution model is summarized
in Fig. 5.8. We regard 12 chemical groups with 231 substances and overall
more than 50,000 experimental data points. The group referred to as ‘others’
contains water, carbon dioxide, and ethyne. Average deviations of predicted
thermal conductivities from experimental values are 6.17% for the proposed
GC-model. The deviations are rather low, considering that the model with
individual, substance-specific parameters leads to comparable average devia-
tions of 5.38%.

5.4 Conclusion

This work proposes a group-contribution method for the thermal conductivity
of pure organic substances covering wide ranges in temperature and pressure
for both vapor phases and liquid-phase conditions. Based on the entropy
scaling approach and the group-contribution PCP-SAFT equation of state, we
develop a parameterization for 29 chemical (functional) groups. This enabled
us to investigate 231 substances of 12 chemical families (containing only one
functional group) and 123 substances containing multiple functional groups,
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dicted from the group-contribution model towards experimental
data for all considered chemical families. The group-contribution
model uses GC-PCP-SAFT and A-D from eq. (5.6) (with param-
eters listed in Table S1 of the Supporting Information).

for which experimental data was available to us. For all substances defined
by one functional group, we obtained averaged absolute deviations of only
6.17% for the group-contribution model from experimental values for thermal
conductivities. More than 50,000 experimental data points for gaseous or
liquid states was thereby considered.

Supporting Information

This material is available free of charge via the Internet at http://pubs.acs.org.
The Supporting Information details:

the definition of AAD.

the resulting parameters A, - C,.

the full legend of Fig. 1 of the manuscript.

diagrams supplementing Fig. 3 of the manuscript.

the list of components shown in Fig. 6 of the manuscript.

results of the full GC method for substances containing two or more
functional groups.

the AADs for the individual approach using PCP-SAFT and the full
GC method using GC PCP-SAFT, as well as the number of available
data for all investigated substances.
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e the individual correlation parameters A-D for PCP-SAFT for all inves-
tigated components, for which no parameters were published yet,

e as well as the according individual PCP-SAFT parameters.
e group decomposition of all considered substances.

[The supporting information is given in Appendix D of this work.]

Appendices

5.A Mixing rules

The mixing rules given in eq. (5.6) are empirical equations. We here share
our rational in developing these rules.

For each of the correlation parameters A-C' a mixing rule is needed. We con-
sidered the number of functional groups as well as the PCP-SAFT-parameters
Mea, 0o and €, as descriptors (i.e. weights) in a group-contribution frame-
work. We assumed any parameter P, € {A;, B, C;} of substance i consisting
of groups o € {CH;, CH,, OH, ...} can be expressed as a ratio of descriptors
(each to some power), so that parameter P; is obtained from a mixing rule as

i,
61 02 6 o
Z(x motoo2e23 ndt

i,

V1 57V273 4
Za ma Ua 6a n Pa
P, =

(5.7)

where 7 and J; are a priori unknown adjustable parameters. We reduced the
number of adjustable parameters v; and J; through some intuitive decisions.
First, we set v, = 0 to enforce balanced units. Second, we assumed the
energy parameter € to be of no influence and set y3 = d3 = 0. To describe
the size of a functional group, often the ‘volume’ of the functional group is
used. In terms of the PCP-SAFT EoS, the parameter combination mq,o?3 can
be viewed as a representative repulsive ‘volume’; so we defined v, = 72/3.

Applying these intuitive decisions to Eq.(5.7) leads to

Za (magi)vl n:ffx PO‘

Py = 3
(Lo (macd)™ ni2,)

(5.8)

Additionally, we allow only 1 or 0 as values for all 4. Considering 3 param-
eters (A-C), with 3 exponents each (vy1—y3), with 2 possibilities each (0 or
1), leads to 233 = 29 = 512 possible combinations for the mixing rules. We
tested all of these combinations for a test-set consisting of substances from all
considered chemical families. We thereby followed the (consecutive) scheme
for adjusting model parameters as described in the main text above. From the
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Figure 5.9: Figure 5.6 from the main part of this chapter, but with multi-
functional alcohols included. Averaged absolute deviations for
substances consisting of multiple functional groups of same type.
Grouped by functional-group type, and within a group sorted by
increasing chain length.

512 combinations, only 370 converged, partly with very high average devia-
tions. All converged combinations show a clear preference to vy, = 1 for all P..
We therefore neglected all combinations with 7, = 0. Sorting the remaining
combinations by their performance (in terms of AADs), we selected the best
3 combing rules for further investigation. For these 3 candidate mixing rules
we adjusted parameters A,, B,, C, to all available data and compared the
performances of the group contribution models in predicting substances with
multiple functional groups. The most robust mixing rule was selected, which
is Eq. (5.6).

5.B Multi-functional alcohols

This section is not a part of the original publication but was added to this
work for further explanation.

In section 5.3.2 of this chapter, we explicitly excluded multi-functional alcohols
from our study. If these substances are added to Fig. 5.6, which was given
above, the explained limitation becomes visible (see Fig. 5.9).

As a possible step to overcome this limitation, we adjusted the correlation
parameters A-C' individually for all substances containing any number of
—OH-groups, but no other functional groups (D kept constant at given value).
Afterwards, we calculated the portion of the parameters which is already
covered by the combination of the basic functional groups Apasic—Chasic- The
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B,k of correlation parameter B, for simple alcohols (red circles),
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lated values of By using eq. 5.9 and B_oy from Table D.2 given
in the supporting Information.

difference of the individually adjusted A—C' to the corresponding portion of
the basic functional groups Apasic—Chasic gives us the expected values for the
alcohol-portion of the parameters, A,k—Cak. We found that the expected
values A, and C, can be described using the quasi-mixing rules given
in eq. 5.6. Only for the expected alcohol-portion of parameter B, B,y =
B — Bypasic, a different description is needed. In Figure 5.10 we show the
dependency of B,k on the number of —OH-groups n_og and on the size of
the molecule n®. For each n_on, a linear dependency of B,y on n® can be
seen, but with different slope and intercept. To describe this array of curves
we propose the alcohol-specific extension of the quasi-mixing rule of parameter
B as follows

By + (1 —ngy) (n;'H)Ba —0.1| for a =—-0OH
B=Y {n ! (5.9)

aBa otherwise
For n_om = 1 this extension equals the original quasi-mixing rule, so the
original B_gy as given in Table D.2 can still be used. Therefore, substances

with multiple —OH-groups can now be described using parameters which were
adjusted to simple alcohols only.
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Figure 5.11: Figure 5.6 from the main part of this chapter again, but with
multi-functional alcohols included and eq. (5.9) applied. Aver-
aged absolute deviations for substances consisting of multiple
functional groups of same type. Grouped by functional-group
type, and within a group sorted by increasing chain length.
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6 Thermal Conductivity from Entropy Scaling:
Mixtures

In this chapter, I present a first approach for predicting thermal conductivity
of miztures from entropy scaling.

6.1 Introduction

The previous chapters proposed models based on entropy scaling for predict-
ing thermal conductivity and self-diffusion coefficients for pure substances.
Transport coefficients of pure substances are usually used as building block
for most of the available models for transport coefficients of mixtures. As was
shown by Schilling et al. [1, 2], an economic optimization of thermodynamic
processes is possible if a model for the thermal conductivity of mixtures is
available. In this chapter, I prove the applicability of the entropy scaling
approach for the thermal conductivity of mixtures based on the entropy scal-
ing approach for pure substances (Chapter 2). The model is thereby defined
without binary mixture parameter, so that thermal conductivities of mixtures
are described predictively.
Whereas entropy scaling is investigated in a significant number of studies
for the description of pure fluids, the number of literature on mixtures is
rather limited. The first literature on thermal conductivity of gas mixtures
is based on kinetic gas theory [3] and is further developed in the 50s [4, 5]
using the work of Chapman-Cowling [6]. Based on these works, mixing rules,
e.g. mixing rule of Wilke [7], were developed Alternative models are based
on experimentally fitted constitutive equations [8]. The previously mentioned
models are limited to gas mixtures or simple fluid mixtures. Extrapolation to
more complex fluid mixtures is not possible. In the last decades, molecular
dynamics simulations are used to predict thermal conductivity [9]. Molecular
simulations are still costly and limited due to the complexity of the molecules.
For diffusion coefficients, there already exist some approaches to calculate
binary diffusion coefficients which take the self-diffusion coefficients of the
involved pure substances as input parameter [10-14]. A comparable simple
predictive approach, preferably without any further adjustable parameters, is
still lacking for thermal conductivity of mixtures.
In the context of entropy scaling, the first approach to predict transport co-
efficients using entropy scaling was recently presented by O. Lotgering-Lin,
who investigated viscosity of mixtures using PCP-SAFT [15]. There is no
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literature on entropy scaling of thermal conductivity of mixtures.

6.2 Theoretical Background

The basic principle of entropy scaling can be summarized in one simple cor-
relation

N = 2P el o \* (o ) (6.1)

The reduced thermal conductivity A***P which is defined by dividing the ther-
mal conductivity by an appropriate reference value \**f, can be approximated
well using an ansatz function A\*(s*,0) as a univariate function of residual en-
tropy s* only, through a set of model parameters ©. In previous chapters,
we proposed suitable ansatz functions and we determined the vector of model
parameters © = [A, B, C, D] of many pure substances. Now, entropy scaling
for thermal conductivity of mixtures is investigated using the same structure
of equations. The quality of the results for thermal conductivity of mixtures
is analyzed. As a model for the mixture thermal conductivity, entropy scaling
can be used for correlating or predicting mixtures by rearranging eq. 6.1, as

A= X \se)  with © = [A4,B,C, D] (6.2)

where A'f(7,z,0PC—SAFT) ig the reference thermal conductivity and @FPC—SAFT
is the vector of pure component parameters of the PC-SAFT equation of state
(and it is the same vector that enters in the calculation of s* (T, p, z, @FC¢—SAFT)
). In this chapter, A refers to a calculated thermal conductivity, whereas ex-
perimental values are indicated as A°*P. The reduced residual entropy s* is
calculated using PCP-SAFT.

Up to this point, the equations of this chapter can be read for both mixtures
and pure substances. In the remainder of this chapter, properties of pure
substances are identified by superscript pure. An identifying superscript mix
for mixture quantities is omitted, to enhance readability. Furthermore, I will
use N as the number of components within a mixture.

One may consider several approaches for extending a model for thermal con-
ductivity of a pure substance to mixtures. In the simplest approach (approach
A), we calculate the thermal conductivity A" at given temperature and
pressure using every pure substance correlation \;*"*® individually. In a sec-
ond step, these AP are then combined via mixing rules to the mixture value

A, using different weighting factors w.

1

. f
A= WA with AP = AP PR e gpure) (6.3)

*pure
i

with s
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In contrast, approach B defines a mixture reference \**f, by either combining
)\iref’pure using mixing-rules or by direct approaches from literature. Once \**f
is defined, we still have two choices. Either the pure substances’ polynomials

APY€ are evaluated and combined using mixing-rules (approach B.1).

= ref . Z APUC (7 Py (6.4)

where s¥(T,0(T.p,z).z) is the partial molar quantity to s* of species ¢ in the
mixture, and w is a weighting factor.

Second, a polynomial can be directly defined for mixtures by combining ©F"*
to mixture parameters © and using the mixture’s residual entropy s* for
entropy scaling (approach B.2).

A =2  with M e) (6.5)

with s*(T,p(T.p,z),z) as residual entropy of the mixture.

The possible advantages and drawbacks of the three approaches summarized
in equations (6.3), (6.4) and (6.5) are further described in the following sub-
sections.

6.2.1 Approach A - Trivial Mixing Rules

The first approach (Approach A) is based on weighted arithmetic means (mix-

ing rules), using the thermal conductivity of the pure substance. First, the
/\ref,pure )\*pure( «pure

purc
)‘1

thermal conductivity AP = ,0r"°) is calculated for each
component ¢ of the mixture. Aftervvards7 all are combined to a mixture
thermal conductivity A using simple mixing rules. Four different mixing rules
are tested. They differ in the weighing of );, although all versions contain the
molar fraction z; (see Table 6.1). It is investigated if considering attributes of
chain length (Ne A.2), shadow area (Ne A.3) or volume (Ne A.4) have a distinct
influence on the quality of the predictions.

Table 6.1: Equations for mixture thermal conductivity A of approach A.

Ne  symbol equation

A1 M =N @A

A2 AN =3 s pure
A3 )\AB _ Zz . ::MTZS(T )\pure
A4 M =T 7(7255),”‘3 —AP

Here and in the remainder of this chapter, abbreviations for differently com-
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bined PCP-SAFT paramters are used as follows

N N N

_ o 2 _ S 3 _ o 3

Moymiz = E Timy (ma )mm = E Tim;o; (mo )mim = E TiMm;o;
i=1 i=1 i=1

We note that, in many applications, not all components ¢ of a mixture may be
stable (at given temperature and pressure) in the desired phase. Thus, using
the residual entropy of a pure substance s;”""°(7,0P"(7,p)) at these conditions
to calculate AP"™ and subsequently A can only be a rough estimation for
mixtures consisting of fairly similar substances, e.g. only linear alkanes with
nearly same chain length. Nevertheless, the approaches Al to A4 (Table 6.1)
are investigated in a first step to show how far off such simple approaches
can be, to raise awareness against the usage of these easy ansatz functions
in the design of thermodynamic processes. A different choice could have
been geometric weighting, using A = [J(AP")**1, with different weighting
factors w. Due to the limitation named above, these approaches were directly
neglected.

6.2.2 Approach B - Mixture Reference

Instead of calculating pure substance thermal conductivities and subsequently
combining them, the definition of a dedicated reference thermal conductivity
for mixtures seems appropriate. To define such a mixture reference thermal
conductivity, several approaches can be thought of. The most trivial approach
would be to combine the PCP-SAFT parameters using the Lorentz-Berthelot
rules and introduce these into the pure-substance reference equation (Ne R1 in
table 6.2). Second, a combination of the individual references Ar"*"™® using
the molar fraction, maybe weighted by shape or volume indicators could be
a sensible choice (Ne R2 to R5). Additionally, some dedicated approaches
from literature designed to describe the thermal conductivity of mixtures in
restricted phase areas, e.g. only for diluted gases, can be tested (Ne R6 to
R9).

For mixture viscosities [15], the mixing rule according to Wilke [10, 16] was
found to be most reliable. We will evaluate how well this approach works for
thermal conductivities as well, since first calculations by other groups [1] are
using this ansatz. The approach by Wilke, when directly substituting A for
7, is defined as

ref,pure ;\ref,pure 1/2 2
N yrefpurc {1+ ()\i fipure /\ref.p ) (Mk/Mi)1/4]

)\Wilke — Z

with (I)ik =

S Pk [8 (1 + M; /M)

In Molecular Theory of Gases and Liquids Hirschfelder, Curtiss and Bird [6]
analyse in detail the theory from Chapman and Cowling [17]. Apart from
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the basic Chapman—Enskog equations for pure substances as an ideal gas,
approaches for binary mixtures are described there as well. The ansatz for
the thermal conductivity of a binary mixture consisting of two species as an
ideal gas reads as follows:

\HCB _ 1+ 2,

X\ + Yy
2 2
X = ] 2x1x2 T5
~ yref,pure ref,pure
™ A2 Ay
2 2
Ty 2212 x5
Y\ = Ui + Uy + 2
ref,pure ref,pure
Al A12 Ay

Z\ = .’L‘%Ul + 2z122U7 + ZC%UQ
1989.1 /T (M, + Ms)/(2M1 My)

A2 = ——
BT 03,00y
4 1 /12 My (Mi — Ms)?
=151 ( 5 1) M, T MM,
41 (12 My  (Mz— M;)?
2= 12 ( 5 1) M, T MM,

v = 4 (M1 + Ma)* Ay _l2 N _5 (12 . (M1 — Ma)*
YT\ AMiMy ) yrefeureyrefpure Ty {5 32 5 M Mo

UZ_4<<(M1+M2)2)( A12 + A12 >1>1(12+1)

15 4]\/[1]\42 )\rlef,pure )\éef,pure 12 5

In The Properties of Gases and Liquids Poling, Prausnitz and O’Connel [10] list
two approaches describing low pressure gas mixtures, three for high pressure gas
mixtures and three for liquid mixtures are listed. Most of them suggest to use
pure substance descriptions and provide mixing rules for all occurring parameters.
These mixing-rules either need additional parameters, e.g. the accentric factor, or
propose separate mixing rules for varying densities or different chemical families.
One exception is the approach by Wassiljewa combined with the modification by
Mason and Saxena ( [10] p.10.30ff), which we will call the WMS approach based on
the abbreviated names of the original authors.

wi)\ircf,purc

N
AWMS _§ A (6.6)
Z Zgzl xy Aig

i=1

with

2
|:1 + ()\tr,i/>\tr,k)1/2 (Mi/Mk)1/4]
[8 (1 + Mi/M))/?

(CE) N >\t7‘,i _ A;ef,pure,CE

_ )\ref,pure,a
- M

A =

(Oé) — >\tr,i
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where M is the molecular mass (in g/mol) and A4, is referred to as monatomic value
of the thermal conductivity. Here, we evaluate two possibilities to define this value:
using the Chapman-Enskog thermal conductivity Ai; = AY® and using our own
pure-component description A; = A\/"® as detailed in (4.4) or (5.4). According
o [10], the Wassiljewa equation (6.6) can represent low-pressure mixtures which
show either monotonic variation of A\, with composition, or show one extremum.

For monatomic gases, A;x can be converted to Wilke’s ®;, when substituting i‘—; =
ns M
My *

An overview of all described approaches including the definition of a reference ther-
mal conductivity for mixtures is given in table 6.2. For the approaches R1 to R5 I

Table 6.2: Equations for reference thermal conductivity for mixtures A of
approach B.

Ne  symbol equation

f.R1 f
R1 A™h =\'° ( maxs Mij, Oij, 613)

ref,R2 ref ,pure
R2 A - Zz 1T
R3 )\ref,R3 _ Z Timi )\ref,pure

=1 Mz

R4 )\ref,R4 — Z Tim; J )\}ref,pure

i=1 (mo2), . "\

R5 )\rcf.,R5 — Z Timi 03 /\?ef,pure

i=1 (mU )mi:z 1

R6 )\ref,RG —_ )\Wilke

R7 )\ref,R? — )\HCB
RS )\ref,R8 — )\WMS(CE)
R9 )\ref,RQ — )\WMS(a)

expect reasonable results only for mixtures containing similar substances. A better
performance is expected from the approaches A\"°E (R7) and AWMS(CE) (R8). The
approaches from Wilke AV (R6) and Wassiljewa, Mason and Saxena A"M5(a)
(R9) are expected to yield the best results. Main reasons for these expectations are
the results of entropy scaling of mixture viscosity described by O. Lotgering-Lin [15],
who investigated partially similar approaches.

After defining a reference thermal conductivity for mixtures, a polynomial A* for
mixtures is needed as well. Again, two principles can be followed: First, using
mixing rules after calculating AP""°(sr,0P") as given in eq. (6.4) with ©P"™° as
pure substance parameters of the entropy scaling model (approach B.1). Second,
evaluating the polynomial using mixture parameters © that enter A*(s*,0) (approach
B.2, see eq. (6.5)).
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6.2.3 Approach B.1 - Mixing Rules for Pure Polynomials

The polynomial A\]P""(s7 0P ) is evaluated using entropy scaling parameters ©7""° =
[A;, B, Ci, D] of every component i of the mixture first. Afterwards, variants of the
arithmetic mean are used for combining all A;?""(s7,@Pu") to a mixture value A*. All

models defined in this way are listed in table 6.3. The partial molar residual entropy

Table 6.3: Equations of approach B.1.

Ne symbol equation

B11 MBL = Zf\il TP (o7 Py

B12 )\*Bl-2 _ Zz]il %/\?pure(sff}f“”e)
B1.3 )\*B13 _ Zz]il %)\Tpure(s}@f’"m)
Bld ABl4 N mmiol yepwre . goure)

i=1 (mao3) i

mix

8§ (1,p,z) can, for sufficiently non-ideal mixtures, take on values that are outside the
s*-range, where pure substance 7 is in fluid (liquid or vapor) state. In fact, s*-values
can also be positive. Due to this, our expectations on the quality of results is the
same as in subsection 6.2.1: Acceptable for simple mixtures (e.g. alkane-alkane of
similar length) but not applicable to complex mixtures because of the structure of
the mixing rule which does not account well for complex interactions between, e.g.,
polar substances.

6.2.4 Approach B.2 - Mix the Parameters

Instead of calculating A (s7,0P") and combining these to A*, the parameters
©F"™ themselves can be combined to mixture-parameters ©. These mixture param-
eters can then be used to evaluate the correlation polynomial (see e.g. eq. (5.5))

spure
i

In (A\*°(s*,0)) = A+ Bs* + C(1 — exp(s*)) + Ds™ (6.7)

The parts of the given polynomial represent different areas of influence to the ther-
mal conductivity. E.g. is the behavior in the ideal gas limit exclusively described
through the parameter A. By the application of mixing rules for the individual
polynomial parameters, those areas can be weighted according to their main influ-
encing property, making this approach much more robust than the other approaches
described so far.

The vector of entropy scaling parameters © comprises several model parameters (6 €
{A, B,C, D}) that all require mixing rules. In table 6.4, I define candidate mixing
rules for all parameters. The combinations lead to 4* = 256 different approaches for
A*5(s*,0) when considering four parameters A to D. Since we base our investigations
on the GC approach described in chapter 5, where D is set to zero except for
alcohols, we limit our investigations to the parameters A to C' and apply simple
molar weighing (ansatz B2_1, table 6.4) for parameter D where necessary. Thus,
43 = 64 combinations for parameters A to C' remain.
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Table 6.4: Approaches for the mixture polynomial parameters ©.
Ne symbol equation

B2.1 6, =Y s
B2.2 0, =y, mmg,
N 1,17”10'2
B2.3 0 = 2i=1 (o), 0
=L T
B2.4 0, = 2im1 (o), O

i=1 (mo%),,.,

6.2.5 Combinational Possibilities

Combining all variants for Aj;, from subsections 6.2.3 and 6.2.4 with all choices
for mixture reference thermal conductivity given in subsection 6.2.2, leads to the
matrix of possibilities given in table 6.5. The four trivial approaches Al to A4 from
subsection 6.2.1 are summarized separately at the end of the table. Doing the math,
that’s 9 A . (4 + 43) Arix + 4 = 616 candidate models.

Table 6.5: Combinational possibilities to calculate the thermal conductivity
of mixtures A based on

. )\rcf
)\?
R1|R2 R3 R4 R5|R6 R7 R8 RY

B1.1
B1.2
B1.3 *
B14
B2_111

)\*

B2.444
Al
A2
A3
A4

direct

In the remainder of this work, the ? in the symbol A7 will be replaced by a short
but unique identifier referring to this table. The unique identifier ? states first the
approach used to calculate the mixture reference thermal conductivity A™f. Second,
it defines which method is used for A*. Both parts are separated with a point, leading
to the general structure 7 = < reference > . < polynomial > for the unique
identifier. For example, the symbol A\?4-B1-3 (marked with % in the table 6.5), where
the 7 was replaced by "R4.B1_3”, denotes that in this case A was calculated using
AR (thus the "R4”) and A\*B'-® (thus the ”.B1.3”). The approach for mixture
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viscosities as proposed by Lotgering et al. [15] is written here as ARE-B2-122 gince it

uses the Wilke approach as reference term (R6 in Tab. 6.2) combined with a mixture
polynomial, in which A is weighted linearly with composition only (61 in Table 6.4),
and the parameters B and C' are weighted by segment number and composition (02
in Table 6.4).

6.3 Results and Discussion

All calculations in this chapter are based on the group-contribution approach for
thermal conductivity presented in chapter 5.

In the DDB [18] we found thermal conductivity data for 223 binary (11001 data sets),
20 ternary (888 data sets), 6 quartary (26 data sets) and one quintary mixture (30
data sets). Most data is available in liquid phase, often with a limited range of
temperature or composition, and with constant pressure near 1 bar. A pressure
value is missing for all quartary data and for 3957 sets of the binary data, belonging
to 98 binary mixtures. When including this data and assuming 1 bar for all this
data, correlation results deteriorate only slightly, so we assume that most of these
experiments where done at ambient pressure.

6.3.1 Definition of Datasets

The available data was divided in several groups. For this grouping, three molecular
properties where used: polarity, association (i.e. hydrogen bonding) and the number
of intramolecular degrees of freedom. All substances with experimental data on
thermal conductivity can be clearly marked as being polar (P) or non-polar (nP),
being associating (A) or non-associating (nA), and having a full or reduced number
of internal degrees of freedom (e.g., Ny, O, and the rare gases). Molecules with a
reduced number of internal degrees of freedom were already defined in chapter 4 as
simple molecules.

Using these properties, we defined 10 groups of mixtures summarized in table 6.6.
Here, a single qualifier as "nPnA” means, that all components of a mixture are

Table 6.6: Groups of mixtures investigated in this work.

polar and/or simple binary ternary n=4 / *n=>5

group associating  molecules | mixtures data sets | mix. data | mix. data
(I) nPnA only 20 855 10 105 4 24
(I1) nPnA mixed 25 972 - - - -
(I11) nPnA-PnA mixed 9 24 1 2 - -
(Iv) nPnA-PA mixed 13 176 1 202 1* 30*
(V) nPnA no 25 1648 - - - -
(VI) nPnA-PnA no 23 833 - - - -
(VII) nPnA-PA no 13 168 - - - -
(VIII) PnA no 13 51 - - - -
(IX) PnA-PA no 46 343 332 | 1 1
(X) PA no 25 2011 5 259 | 1 1




non-polar and non-associating substances. A double qualifier as "PnA—PA” states,
that some components of the mixture are polar but non-associating, and some com-
ponents are polar and associating.

6.3.2 First Elimination-round for Candidate Models

As stated in section 6.2.5, we defined 616 candidate models for the calculation of
mixture thermal conductivities. That are too many approaches to analyze each in
detail. So, this first elimination-round is meant to reduce the number of candi-
date models, based on roughly assembled averaged absolute deviations. All possible
approaches summarized in table 6.5 were applied to all available binary data sets,
with one exception. Only the symmetric variants from A*B2 where analyzed, mean-
ing that all parameters 67" where combined to mixture parameters 6 using the
same rule. Thus, an initial assessment of all approaches can be done based on
76 models. For all calculations done within this first analysis, we dismissed data
without given pressure.

For the calculation of mixture properties using PCP-SAFT, the binary interaction
parameter ki; is needed, especially for mixtures containing polar or associating com-
ponents. Here, we did every calculation twice: one time with ki = 0 for all mixtures
and a second time using the QSPR method from Stavrou et al. [19] to calculate kj;
for the considered mixtures. No adjustment of kj; to individual mixtures was done,
to achieve a mixture-calculation without further adjustable parameters. Overall,
using the QSPR method for the binary interaction parameter showed a slight im-
provement in the results compared to the use of ki; = 0. Accordingly, only results
using the QSPR method for ki; will be shown in the remainder of this chapter.

For each binary mixture, the averaged absolute deviation (AAD) of calculated to
experimental thermal conductivities was evaluated for each of the 76 candidate
models. These averaged absolute deviations of all binary mixtures belonging to
one of the groups defined in table 6.6 where averaged to only one deviation value
per group. Those summarized AADs per group, using the QSPR method for k;j,
are given in tables 6.7 and 6.8. The tables are color-coded to highlight the lowest
deviation per table in green, the highest deviations per table in red, and all other
values in according transition colors.

Comparing the magnitude of the numerical values in the two tables, or the distri-
bution of the color gradients without going into detail, clear differences can be seen.
In table 6.7, which shows the results for mixtures containing simple components,
the averaged absolute deviations are generally much larger. The best models seem
to be based on the reference thermal conductivity A™"%7, but still show AADs of
15% or more. In contrast, for groups (V), (VI), and (VIII) in table 6.8 it is precisely
these R7-based approaches that perform the worst, but still show comparable aver-
aged absolute deviations between 20% and 30%. Thus, the description of mixtures
containing components with full and components with reduced number of internal
degrees of freedom seems to be more challenging.

Building the average of the four groups shown in table 6.7 and averaging the 6
groups listed in table 6.7 we create an even more condensed overview of the first
results. The averaged AADs for groups (I) to (IV), which include mixtures with one
or more simple molecule, and for groups (V) to (X) are given in table 6.9 and provide
a rough overview of which of the candidate models are promising approaches.
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Table 6.7: Assembled averaged absolute deviations for all considered models
according to Table 6.5, for groups (I) to (IV) according to Table 6.6.

group (I) nPnA, only small molecules group (III) nPnA-PnA, partly small molecules

AAD/%| R1 R2 R3 R4 RS R6 R7 R3 RO AADM% | R1 R2 R3 R4 RS Ré6 R7 RS RO
BI1_1 $3.1] 1198 1091 1052 1038 846 421 910 824 B1_1 352 405 388 399 398] 397 217 384 436l
Bl1.2 768 1118 1017 978 964 782 376 852 733 Bl_2 200 339 324 334 333 331 212 364 354
B1.3 772| 1116 1015 976 963 787 319 856 782 B1_3 330 382 366 376 375 374 213 363 408
Bl 4 774| 1121 1019 981 967, 788 381 770 757 BL 4 345| 397 381 391 391| 389 215 387 363

B2 111| 790| 1147 1044 1005 99.1] 804 392 870 794 B2 111 314 365 348 359 358 356 211 340 362
B2 222| 735 107.7 979 940 926| 749 354 695 682 B2 222( 256| 301 286 296 295 294 219 275 292
B2 333| 738 1076 978 939 925 752 357 712 7L B2 333 303| 353 337 347 346 3450210 341 377
B2 444 739 1076 978 939 92.6 754 359 734 80.2] B2 444 324 376 359 370 36.9] 367 211 369 37.1]
Al Al
A2 A2
A3 A3
Ad: Ad;

1346 425
1158 343
11,7 396
1102 417
group (II) nPnA, partly small molecules group (IV) nPnA-PA , partly small molecules
AAD/%| R1 R2 R3 R4 RS R6 R7 RS RO AAD/M% (| R1 R2 R3 R4 RS Ré R7 RS RO
Bl1 346|537 512 444 410 438 195 454 457 Bl 1 522 598 586 594 596 596 480 608 617
Bl12 264 414 408 335 304 344 158 376 37.8) Bl 2 495 56.6 556 56,3 56,5 56,50 455 593 52,4
B1.3 305 458 4438 376 343 389 16,6 386 357 Bl 3 512 586 575 583 584 584 467 569 623
Bl 4 316| 483 471 398 364 401 171 370 414 Bl 4 518 593 582 590 592 591 472 628 594

B2 111| 298] 464 449 376 344 383] 164 407 348 [Bz 11| sos| ssi 570 578 s79) 5790 469 625 55
B2 222| 245 373 372 301 272| 312) 169 310 294 |[B2 222 480| s46 537 543 s45| 545 Ml 576 507
B2 333| 275 412 411 340 30| 354] 158 365 3435 [B2.333| 496 566 556 63 s65| 565 453 41 586
B2 444| 293 434 431 360 330 372] 159 44 41| [B2 add| 04| 575 s6s 572 s74] 574 45000650 603
Al
A2
A3
A4;

572 AL 613
20 A2 572
398 A3 599
390 Ad: 610

In the following, detailed AADs are omitted and replaced by symbols indicating
if the AAD of the approach is below or above the median. A summary of the
applicability of all mentioned approaches is given in table 6.10 for all datasets of
mixtures containing simple molecules and in table 6.11 for all others. For brevity
fo this first analysis, I defined applicability as resulting in an averaged AADs in the
better half of all considered approaches. This better half of models is marked with
v and the worse half using X .

The results of tables 6.10 and 6.11 can be combined to show the applicability of the
different approaches to both, mixtures with and mixtures without simple molecules.
If an approach is marked with v in both tables, it will be considered in further
studies. If in one of the tables an approach was marked with X , it will not be
considered any longer. As a result of this combination of tables 6.11 and 6.10, some
rows or columns are filled completely with X | indicating that this ansatz for A\* or
X't performs below average. Such columns are removed from subsequent tables.
This analysis leads to the exclusion of the following models:

e the simple approaches from section 6.2.1, (Al to A4)

)\ref,RQ )\ref,RS >\ref,R7 _ AHC‘B
R =

e the mixture reference candidates and

e as well as the A" candidates Ne B2_1, B2_4 and B2_.4444.

These results lead to a more compact list of promising approaches towards the
calculation of mixture thermal conductivities and are summarized in table 6.12.
Surprisingly, ArebRL — )\“f(Mmiz, Mmiz, Omizs Emiz) does not show higher deviations
in terms of AADs compared to the other remaining approaches for A**f. The same
holds for A*B'-? and A*P'-3.
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Table 6.8: Assembled averaged absolute deviations for all considered models
according to Table 6.5, for groups (V) to (X) according to Table 6.6.

group (V) nPnA, no small molecules

group (VIIT) PnA, no small molecules

AAD/%| R1 | R? R3 R4 R5 | R6 R7 RS RY AAD/%| R1 | R2 R3 R4 R5 | R6 R7 RS RO
B1_1 92| 112 122 113 103 121] 214 129 1L BI1_1 38 24 43 43 42 34 152 35 33
B1_2 61 52 55 sl 52| 53 257 53 sgf BI_2 432 43 46 46 38 162 43 3§
B1_3 ss| 72 82 73 68 80 238 sz 73 B1_3 41 47 45 45 5| 38 160 42 37
Bl 4 64| 84 95 86 73 o3 20 95 ss Bl 4 41 47 45 45 5| 38 158 37 37

B2_111| 48] 36 62 54 48] 60 253 60 62| [B2111| 48] 33 51 51 52| 45 168 43 4§

B2 222 73] 610051 s eif 520 27000EE 53| [B2222| 48] 54 52 st 52| 45060 47 45

B2 333|048 54 61 530 48| e0 231 65 55 B2 333| 51 57 50055 s3] aslieE 43 45

B2 444| 48 66 74 66 s8] 73 243 71 16l |B2a4d4| 52| 35 56 sol 068 50 49

AL 101 AL: 44
A%l 51 A2 45
A3 62 A3 43
Ad: 70 Ad 43

group (VI) iPnA-PnA, no small molecules group (IX) PnA-PA, no small molecules

AAD/%| R1 | R R3 R4 R5 | R6 R7 RS R9 AAD/%] R1 | R2 R3 R4 R5 | R6 R7 RS RO
B1_1 78] 81 79 78 73 IpiEs  7& 4 BI1_1 1580200 192 171 168 144 89 155 153
B1_2 77| 80 18 76 13| 6/ M8S 72 18 BI_2 16| 163 147 128 123 104 81 96 107
B1_3 76| 79 17 76 78 76/ 186 s100Ed B1_3 23| 173 158 138 136 11 16 105 105
Bl 4 77| 80 18 71 73| TclMES 19 14 Bl 4 137 185 171 151 147 12fgs 135 129

B2_111| 76 78 17 76 716 73] 181 74 72 [B211| 85 127 108 91 89| 78 117 82 1§

B2 222 76/ 78 77 76 76| 75 181 85 14 101 138 16 100 101 97 114 100 9

B2 333 78 81 79 78 78| 7sl g4 770000 1410188 158 140 141 136 129 138 143

B2 444 30| 83 81 80 sof 7ol 183 76 1)) 160000 189 170 170] 162 44 176 172

AL: 83 173
A% 19 114
A3 78 104
Ad: 18 10.5

group (VI) nPnA-PA, no small molecules group (X) PA, no small molecules

AAD/%| R1 | R2 R3 R4 RS | R6 R7 RS R9 AAD/%] R1 | R2 R4 RS | R& R7 RS RO
Bl 1 156) 199 195 163 157 145 108 155 141 243 265 36 242 259 132] 20 283
Bl 2 153 193 186 154 148 135 14 142 143 118 134 121 14 128 161 125 122
Bl 3 195 241 234 200 194 178 107 181 163 108 119 13 14 13 1] 0T 108
Bl 4 | 230 280 2713 236 230 213 L1 236 211 108 118 13 14 115 161 109 105

99 136 131 102 og 980 137 100 &4 15 128 125 g 121 185 124 120
124| 160 150 120 118 108 142 102 113 108 119 05107 us 173 w1107
197 241 230 195 194] 177 159 198 187 114 126 109 111 119 169 115 114
B2 444| 258] 508 206 258 254 238 185 257 230 2o 133 n4 13 ns 168 122 129
Al: 126 290
A2 114 144
A% 124 122
Ad: 140 119

Table 6.9: Summarized AADs for all considered models, averaged for several
Left: Groups (I) to (IV) from tab. 6.7; Right: Groups

groups.

(V) to (X) from

groups (I) to (IV

tab. 6.8.

groups (V) to (X)

AAD% | R1 R6 RO AAD/%| R1 | R2 R3 R4 R5 | R6  R7 RS RO
BL1 | 215 267 27]] Bl_1 | 156] 177 169 161 161 170 163 186 181
Bl 2 173 218 232 Bl 2 93 101 97 82 93 93 190 91 99
Bl 3 195 242 231 Bl 3 89| 104 105 98 95 98 183 98 92
Bl4 | 201 248 255 Bl 4 o4 110 112 104 101 104 180 105 99

B2_111| 191 2338 20| B2_111| 84| 96 96 89 83 89 201 90 83

B2 222| 162 20.1 19,0) B2 222 90| 95 86 84 86| 85 202 85 84

B2_333| 178 23 21 B2.333| 90 102 96 90 88 95 185 96 91

B2 444| 183 233 255 B2 444 97 114 108 101 95 106/ 194 105 108

Al 178
A2: 99
A3: ¢ 93
Ad: 245 95
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Table 6.10: Applicability of available approaches to mixtures containing sim-
ple molecules, i.e. groups (I) to (IV). Abstract representation of
the results in tab. 6.9 left.

" ref
)\.
R1|R2 R3 R4 R5|[R6 R7 R8 RY
BlLl |V | x Xx X X | X v X X
Bl2 || v | x X v V| |/ VvV / V
Bl3 | v | Xx x Vv V| |/ V / V
s B4 /X X X X|V VS LS
BRI/ | Xx x v vV |/ v /
B222 || v | X X v V|V VvV / V
B2333 | v | X X v V| |/ VvV / V
B24dd | v | X X X X |/ L X X
Al X
9 A2 X
g A3 | X
A4 X

Table 6.11: Applicability of available approaches to mixtures without simple
molecules, i.e. groups (V) to (X). Abstract representation of the
results in tab. 6.9 right.

" ref
)\.
R1|R2 R3 R4 R5|[R6 R7 R8 RY
BlLl [ x[x x x X | X X X X
Bl2 |v | Xx x v V|V X / V/
Bl3 |v | Xx x v V|V X / V/
o BlA X | X X X X | X X X X
BRI/ |v v v V|V X / /
B222 (v |v v VvV V|V X /V V/
B2333 | x | x Xx v V|V X / /
B2444 | X | X X X X | X X X X
Al X
g A2 | x
5 A3 | x
A4 X
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Table 6.12: Promising model-candidates after combining tables 6.10 and 6.11.
If in both tables an approach was marked with v , it is marked
with v here as well, otherwise it gets a X . If in the result a
complete row or column is filled with X , it is eliminated.

/\7? )\ref

|

&
=y}
=~

B1.2
B1.3
B2_111
B2.222
B2_333

A*
S IANANENEN
ANANANAN
AR NENEN
ANANANANAVES

In the remaining candidates of promising models given in tab. 6.12, the approach
AR6-B2-122 which was proposed for the calculation of mixture viscosity is still in-
cluded. Hence, this approach AF¢B2-122 helongs to the more promising approaches
and thus can be used with care until the decision for a dedicated approach for
thermal conductivity is made.

6.3.3 Further investigation of Approach B.2

In the first analysis of all possible approaches to calculate thermal conductivities
of mixtures, only the four symmetric representatives of the approaches given in
section 6.2.4 were included. Now, I continue to investigate the influence of the
combining rules given in table 6.4 for the polynomial parameters. Thus, for this
analysis, we applied 64 possible parameter combining rules for each of the remaining
candidates for A™ to the test dataset. For this study, we limited the data to a
representative set of binary mixtures from each of the 10 groups of mixtures defined
in table 6.6. These representative mixtures where chosen based on availability of
data for gas and liquid phase and are listed in table 6.13. The average absolute
deviations of these 21 mixtures are combined to one value per model-candidate,
and are shown in table 6.14. The results of each reference (”column”) are grouped
by mixing rule for parameter A (B2_1** | B2.2** ..) sorted by increasing index
number (B2.111, B2_112, B2_113, ...). The introduced color-scale visualizes the
distribution of deviations for each reference ("within each column”). We find the
AAD values to be roughly sorted and to be increasing from top to bottom within the
shown sub-tables, independent from the chosen mixture reference. For that reason,
only the first four model-candidates of each sub-table in table 6.14 will be taken
into account for further analysis. This is equivalent to setting mixing rule B2_1 as
given in table 6.4 for parameter B.

Summarizing the remaining model-candidates in one table, and applying a color-
scale per reference and per mixing rule for A to help identifying patterns, another
similarity becomes visible (see tab. 6.15). Within the first, third and forth cluster,
the model-candidates using 8- for parameter C' (B2_**2) show the highest deviations.
This leads to the elimination of model-candidates using 62 for parameter C, except

122



Table 6.13: Representative 21 binary mixtures forming the test data-set for
the investigation fo approach B.2.

’ group \ components \ data sets ‘
) Krypton Argon 21
) Nitrogen Neon 54
(I1) Neon Methane 72
(I1) Ethylene Hydrogen 69
(111) n-Hexane n-Heptane 204
(I11) Methane Carbon dioxide 290
(IV) Nitrogen Dinitrogenmonoxid 24
V) Benzene Toluene 132
(V) ChlorBenzene Benzene 151
(V) Acetone n-Heptane 21
(VD) Argon 1-Propanol 20
(VI) Water Neon 9
(VII) Ethanol n-Hexane 29
(VII) Methanol Benzene 7

(VIII) Butylacetate Toluene 10
(VII) Acetone Ethylacetate 21
(IX) Methanol Cyclohexanone 7
(IX) Toluene Ethanol 12
(IX) | Dimethylsulfoxid Water 63
(X) 12-Propandiol Water 25
(X) 1-Propanol Water 254
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Table 6.14: Averaged absolute deviations of model-candidates based on ap-
proach B.2 (see section 6.2.4) for six approaches for \*f. Grouped
by mixing rule for parameter A, sorted by increasing index num-
ber. Color scale per reference and per table, with green color
for best and red for weakest results of each individual reference
(”column”).

AAD increasing

192 178 197 185 203 193 .E
B2 223| 192 178 197 185 203 193 §
B2 224| 192 178 197 185 203 193 B
B2 231| 201 184 215 198 224 214| 2
B2232| 199 185 204 192 210 200
B2233| 199 185 204 192 211 201
B2234| 199 185 204 192] 211 201
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Table 6.15: Averaged absolute deviations of model-candidates based on ap-
proach B.2 (see section 6.2.4) for six different approaches for A\*f.
Grouped by mixing rule for parameter A. Color scale per reference
approach and per mixing rule for A.

197 195

183 170 19.8 193 190
180 169 194

19.0 194 184
170 190 179 194 184
186| 169 179

189 186 185
165 191 180 179
207 199 200

162 210 195 195

17.0
16.9

170
169

when using 0 for parameter A as well (the second cluster). These findings reduce
the original 65 model-candidates based on approach B.2 to 13 promising ones.
Comparing the AAD values of \*"®8 to those of A**FRY (the two variants of A*HWMS),
the majority shows higher deviations for A**"*%® than those of A"F'R®. This supports
our initial expectation, that it will be more appropriate to use )\imf’pure’a instead
of A*PPmeCE within the Wassiljewa approach (see section 6.2.2). Therefore, we
eliminate approaches based on A" as model-candidates as well.

At this stage, no further general statements valid for either all A**f or all A*B2 can
be made. For each A™f, different combination rules for the polynomial parameters
are beneficial, as is summarized in table 6.16. The five approaches marked with a
7 in table 6.16 result in averaged absolute deviations from 15.7% to 17.7% for the
test data-set defined in table 6.13. Despite similar averaged deviation values, the
approaches show different results for different binary mixtures. I will illustrate this
by considering two exemplary binary mixtures, namely acetone with n-heptane and
1,2-propanediol with water.

The logarithmic reduced thermal conductivity In(A*) versus reduced residual en-
tropy s* of the binary mixture acetone with n-heptane is shown in figure 6.1. Ex-
perimental data of the pure components is denoted by gray dots, the entropy scaling
approach for pure substances as described in chapter 2 is shown using solid colored
lines. Black crosses represent experimental values for the thermal conductivity of
the binary mixture, red circles the according calculated values. In the two figures,
structurally different behavior can be seen. The calculated thermal conductivi-
ties of mixtures follow the curvature of the experimental values for the approaches
ARLB23IL (A AD= 5.7%), AR+B2-211 (AAD= 3.6%) and AF0-B2-211 (AAD= 3.4%).
The results of A\®!-B2-311 a5 representative for these three approaches are given in fig-
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(b) approach AR9-B2-314 "AAD = 11.9% (similar to \R5-B2-414)

Figure 6.1: Thermal conductivity of binary mixture acetone with n-heptane
for three temperatures (273.15K, 253.15K, 293.15K) and vary-
ing composition [20]. Logarithmic reduced thermal conductivity
In(\*) versus reduced residual entropy s*. Comparison of entropy
scaling model (red circles) to experimental data (black crosses).
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Table 6.16: Remaining promising approaches for \* defined in subsection 6.2.4
after analysis of patterns in AAD values. For each \™f (each
column) the lowest AAD value is marked with # , AAD values
below the median are marked with v and values above the median

with X .

)\? /\ref
R1| R4 R5|R6 R9
B2111 [ v [ v vV [ x X
B2113 || X | x X | X X
B2114 || v | X X | X /
B2211 || X | * X | %« X
B2212 || X | v X |/ V/
B2213 || X | X X |/ /
< B2u4|| X | v X | v V
B231l || %« | v V | / /
B2313 || v | v V |V
B2314 || v | v V | V %k
B2411 || v | x V| X X
B2413 || X | X V| X X
B2414 | v | X x| X X

ure 6.1 (a). For other mixture schemes (e.g. AF9B2-314 and A\R®-B2-414) iy contrast,

the curvature of calculated thermal conductivity of mixtures deviates significantly
from experimental values, as figure 6.1 (b) shows. Here, the results of A\RO-B2-314
(AAD= 11.5%) are shown, which are similar as approach A*5-B2-411 (AAD= 11.1%).
Considering the second example-mixture, the observed behavior is reversed. In fig-
ure 6.2, the thermal conductivity of the binary mixture 1,2-propanediol with water is
shown. Black crosses represent experimental values for three different compositions
(z1 € {0.07,0.19,0.42} ™) [21]; red circles the calculated values. The approaches
ARO-B23M (AAD = 2.4%) and A\FP-B2-414 (AAD = 2.7%), which showed systematic
deviations in the previous mixture, show significantly smaller deviations here. The
three other # approaches \®'-B2-311 (AAD= 29.7%), \B4-B2-211 (AAD= 25.0%) and
AR6-B2-211 (AAD= 29.7%) show a clear offset in this second binary mixture, see
fig. 6.2 (a).

The binary mixture of 1-propanol with water is presented in figure 6.3. The approach
ARLB23L1 Jeads to mean absolute deviations of AAD = 4.1%. Increasing deviation
towards the critical region of water can be seen, but apart from that a reasonable
prediction of the mixture thermal conductivity is obtained. This example shows,
that different binary mixtures can be described successfully by a predictive entropy
scaling approach.
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Figure 6.2: Thermal conductivity of binary mixture 1,2-propanediol with wa-
ter. Thermal conductivity over temperature for three composi-
tions. Comparison of entropy scaling model (circles) to experi-
mental data (crosses).

128



l-propanole —— i

water
00
A‘ — /\Rl.“'l_.ill .l(\ll'll.kl X
cale — ! H
05 «  _ yexp/\ref.Rl o
Ao = A"P/X ° : . v v
a0 i i j i i i i i
40 35 30 25 20 -5 1.0 05 00
*
S
(a) Logarithmic reduced thermal conductivity In(A*) versus reduced residual entropy s*
0.60 . T
055 | O \RLB2311 . l ‘ ' ' E x
: [ I L3 |
oL
050 |- x 3
0.45
z ATIRLLERERT
2 040 R : Y g
= ‘
= 035 ; Oi-g
- ; °
~< :
030 x PRI .
ARRRR AR
025
08
8 8
0.20 o
015 i i i i i i
200 250 300 35 400 450 500

T/K

(b) Thermal conductivity versus temperature

Figure 6.3: Thermal conductivity of binary mixture 1-propanol with water.
Comparison of entropy scaling model ARMB2-311 (red circles) to

experimental data (black crosses).
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6.4 Conclusion

Based on the analyses described above, the original 616 model-candidates could
be reduced to 47 promising approaches. But, a final decision regarding the best
approach to describe the thermal conductivity of mixtures can not yet be made.
To enable a sound decision, a detailed analysis of the strengths and weaknesses
of the remaining approaches regarding the different groups of mixtures defined in
section 6.3.1 is necessary. As illustrated with the two binary mixtures of acetone
with n-heptane and 1,2-propanediol with water in the last section, the approach
with the smallest overall averaged deviation is not necessarily the most reasonable
one. Accordingly, the first basic filtering of all possible approaches based on devi-
ations described in this chapter must be followed in further studies by a detailed
investigation of the most promising approaches in terms of robustness. Overall, the
applicability of the entropy scaling method to thermal conductivity of mixtures can
be confirmed.
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7 Conclusions

In this thesis, prediction of thermal conductivity and self-diffusion of pure sub-
stances, and thermal conductivity of mixtures are studied using entropy scaling.
PC-SAFT is used as an equation of state to calculate residual entropy. A suitable
choice of a reference thermal conductivity and self-diffusion coefficient, respectively,
enables a projection on a master curve. Several approaches of reference thermal
conductivity and self-diffusion coefficient are investigated to determine dimension-
less thermal conductivity and self-diffusion. The prediction of transport coefficients
are validated against experimental data.

In the chapters 2 and 3 of this thesis, it is shown that entropy scaling holds when a
suitable dimensionless thermal conductivity or self-diffusion coefficient, respectively,
is used. The dimensionless transport coefficient of each individual substance is
verified to fall on a master curve with single-variable dependence on residual entropy.
It is shown for thermal conductivity and self-diffusion coefficient that entropy scaling
holds for the entire fluid region and therefore is a powerful method to correlate
and predict thermal conductivity and self-diffusion of organic substances. Good
results are obtained for several chemical families with only 2 to 4 adjustable pure
component parameters per species, depending on the range of available experimental
data. More than hundred substances are investigated with overall good results.
Even extrapolation shows reasonable accuracy of the prediction of the transport
coefficients.

Based on the foundations laid in the first chapters, a new reference thermal conduc-
tivity for entropy scaling based on a kinetic-theory approach by Chapman and Cowl-
ing is proposed. Chapter 4 summarizes the investigations to improve the empirically
modified Chapman—Enskog expression. The influence of intramolecular degrees of
freedom on the thermal conductivity is described by a self-diffusion mechanism.
The new reference thermal conductivity overcomes the previous shortcomings and
eliminates the need for an empirical expression. The performance of the new refer-
ence thermal conductivity is demonstrated for over hundred substances from several
chemical families and showed overall good results. One of the major advantages of
the new approach is its applicability to substances ranging from simple mono-atomic
to complex molecules with many internal degrees of freedom. This enables the model
to be successfully applied to other chemical families.

Next, a group-contribution method for the thermal conductivity of pure organic
substances is introduced. It covers wide ranges in temperature and pressure for
both vapor phases and liquid-phase conditions. The group-contribution method is
based on the GC PCP-SAFT equation of state. A parametrization of the model
parameters of the entropy scaling approach for different functional groups was de-
veloped. A study of the performance of entropy scaling of hundreds of substances
from several chemical families, containing one or more functional groups, shows good
results compared to experimental data. The accuracy is comparable to the previous
approaches but offers a more fundamental basis with outlook to better extrapolation
to substances with scarce or absent experimental data.
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This thesis is finalized investigations towards a predictive entropy scaling approach
for the thermal conductivity of mixtures. Several references for thermal conductiv-
ity, i.e. combinations of pure component parameters, are studied as well as a variety
of ways to combine the substance specific polynomials. Promising combinations of
mixture reference thermal conductivity and composition based quasi mixing rules
for polynomial parameters are found. Each showing advantages at varying mix-
ture properties. Thus, the applicability of the entropy scaling method to thermal
conductivity of mixtures can be affirmed.
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A Supporting Information for Chapter 2: Thermal
Conductivity of real Substances from Excess
Entropy Scaling using PCP-SAFT

This supporting Information details (1) the pure component parameters of the PCP-
SAFT model for all considered substances, (2) parameters A-D for all substances

and for all three references )\;e’gcaw )\ngu, )\Zf’iTST and the reference given in the

appendix )‘Zféc - These tables (3) also give the absolute average deviations for
all considered components and for all three references. Further, (4) the full legend
of all 36 substances of Fig. 2.6 is given. Additionally, (5) we include a comparison
between results for water using PCP-SAFT and a highly accurate equation of state,
and (6) an investigation of entropy scaling for Lennard-Jones Chains as molecular
model.
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A.2 Parameters (A-D) and Absolute Average Deviations

The three following tables list the polynomial parameters A-D, the number of exper-
imental data points, and the resulting absolute average relative deviations AAD-%
for all considered substances. One table is given for each of the three investigated

sose oyref ref ref
reference thermal conductivities A,7s o100 Ay gy a0d A7 pgp
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Proposed scaling approach with individually adjusted c; and c;

coefficients

In subsection 2.4.2(Substances with experimental data of A in gas phase), we adjust
coefficients ¢; and ¢z for the ideal gas reference (Eq. (2.12) and (2.13)) individually
for each substance. Because the coefficients ¢1 and ca are treated as adjustable, it
is sufficient to set A = 0. The resulting coefficients are:

Name AAD / % cl c2 B C D
methane 5.345  0.00810 0.03826 -0.94513 0.33840  -0.04088
ethane 3.094 -0.06876 0.07712 -1.07173 0.29741 -0.07140
propane 2.485 -0.05455 0.08158 -1.10766 0.24258  -0.08287
butane 2.221 -0.04061 0.07845 -0.95826 0.56764  -0.06613
pentane 2.368 -0.03305 0.07173 -1.18945 0.26402  -0.11202
hexane 2.765 -0.02708 0.06452 -0.68573 1.18944  -0.04189
heptane 3.287 -0.02132 0.05673 -0.80122 1.04822  -0.06109
octane 2.796 -0.01849 0.05213 -0.44554 1.70144  -0.01483
nonane 3.175 -0.01606 0.04899 -0.94596 0.91609  -0.09751
decane 2.635 -0.01532 0.04798 -0.81783 1.11755  -0.07083
undecane 2.695 -0.01564 0.04957 -0.60039 1.48794  -0.04101
1-heptanol 4.131 -0.02929 0.06958 -0.41825 1.28098  -0.01637
water 4.750 -0.24983 0.10982 -0.65521 1.32381 -0.062415

152



a8ed JXeou UO panuIjuo))

soueM[Yy poyouelg

000000 ¥8999°C €2¢09¢€°0- ¢ac0s7 0- L69°T qg UBSOORIIS],
000000 V679V TLTT10°0- 6216V 1- 6€€°0 (44 SUBSOOLLT,
000000 S¥968°€ 8V¥4T1°0- LTLETT- 16¢°1 29 aursoooJu
000000 9LL9SV 87917070~ 0v0€es 1- 207°0 87 SUBSOOBUSHU
000000 RTOLLT ¢Z810°0- €90L9°T- 64€°0 1% SuEBsOOIHU
000000 €9¢89'9 60¥0¥°0 1¢GLYV ¢ 126°1 LC€ UBOIPBUONU
000000 L6¥VE8'V T9980°0- 96918°1- 709 8¢ QurI9pEIOU
000000 STGLLV 67€20°0 62169 1- cec0 LT ouedopejdou
00000°0 TC19L°9 9€18E0 8CCLI'C- €00°€ 99¥% QUBRIIPBXOHU
000000 8L¥0S'9 LCLT1E°0 88L65°C- Gay'e 89¢€ aurdspeUSJU
000000 992919 299€2°0 G6887°C- 668°'C [i2h% QUEIIPRIILU
Gc0L0°0  €T007'9 ¥7866¥°0 6€67V'C- 8CI'C 169 oUBO9PLITU
0€L00°0  P.L8CE'S €0T70°0 9891¢°¢- €8T°€ 9LV ouedopUNU
L82¢0T°0-  98¢eeV 6L075°0- L9€T11°C- c90°'¢ 6.LL auedd(Ju
LVE80°0-  €1966°€ 89470~ 670L6°1- cov'e 819 QURUONU
¥0120'0  8E€089¥ 61000°0- €G8ERT- L9¢€°€ 189 aurjdQU
612.90°0- LI9ISV'E 1816970~ Gev89'1- 0€6°¢ LVVL auejdoHu
I¥9€0°0-  LELIE'E 8E6.LY°0- T.80G°T- 9vece YASYA ouexoHu
¥1690°0- TT9LGC 606¢L°0- L80€ET- 98¢ V19 auejueJu
€¢c10°0-  0799<ee 68€75°0- YrLET T- 999°¢ 646¢C sueingu
¢46c0°0-  66610°C G6989°0- ¢05¢6°0- Svev 0r0€ auedoig
G6700°0  9ST06°T LL97S°0- CV1L9°0- Gagc'g 0S¥T ouely
60900°0-  ¥1992°0 12969°0- 80910°0 ¢10'9 162¢ PQUBRYISN
SouRq[V
a o) q v % / avv sjurtod awreN
nsg o

724X yoeoudde uaxdn3z-v g'g'v

153



o8ed jxou uO panuUIIUO))

98910°0  96TIEF'¥ 9G8TT°0- 6S1C6'T-  FET'E c67 aue10()-T
FIL00°0  LLG1IS'E £089Z°0- €CLTYT-  FTLEE 541 oueydeH-T
¥0T00°0-  068¥79'¢ L€€8€°0- 29T5S'T-  9.8°¢ 02¢ OUOXO]-T
000000  ¥8086°C STE9T°0- S6LVET-  TLV'T 44 oue s J-T
000000 L9689°C 9GL67°0- T6EST'T-  GTT'L 1€ oueIng-1
€79CH°0-  86LTT°0 789€C° T GEe08°'0-  LE6'TT 4644 ouodord-1
8%cL0'0  8L9TT'T 969.2°0- ¥8¥29°0- 100G 08¢ QUOLAYYH
w@ﬁ@v:<
000000  9€T6L'E 750€€°0- LL8%L°T-  890°0 Gt ouryuadiAyjowa],-H'¢‘g
0%LLT°0- 0T9TT°C I8€FE T- 86619°T-  963°¢ i%a] oueyuod{Ayjowi],-$'7‘g
000000 SG80T°S 8GE1Z 0~ 68189~ ST90 91 oURINAYPOWILL €T
000000 L0€6%°€ 0£6.€°0- 8LT09°T-  GLE0 LT ouejuad[AY)ouwI([-F'Z
000000 0LEST'¥ 687620~ 66160°c-  TTE0 LT auejuodAyjomi([-¢‘g
000000  8.296°¢ 0818¢°0- 87GG6'T-  SLO0 91 ouejued[Ayjouti([-¢‘¢
000000  TIE6L'E L6TS€°0- 8LGT8'T- 08070 g1 ouejuad[AY)oWI([-3'C
00000°0  TSGL¥C'S 68€€1°0- 11969°C-  66L°0 18 aueINqAYPRWI-E'g
000000  98886°C 8LV 0~ ¥ET8eT- 2080 LT ueINqIAYPWI-Z'T
000000 00009°2.529 00096°80.L9 60028 T~ S6€°0 g uedoxd[AyowWI([-3 g
000000  8TS09'F 991120~ 988LT°G-  LLTO 91 oueyday[AYIIN-¢
000000 T9600°F GL8LT 0~ €eI08'T- €700 91 ouejdoy[AYIOIN-
000000 §.999°¢ £088¢°0- TV169°'T-  T60°0 9¢ oURXI[AYIOIN-€
0000000  2IPIL'E 681€€°0- GL8TLT- €600 91 oURXA[AYIN -G
000000 2099G°¢ £9G6.€°0- 6£€€9°T-  8€0°0 91 ouejuad[AYIF-¢
000000 8TLTT'9 SIZH0°0- GG0TT'e-  L8S'T 0% oueymad[AYIoIN-¢
000000  €850¢°¥ £789Z°0- TTeoT'e-  6LLO LT ouejuad[AYIoIN-g
000000 9S20T°¢ 9L8G¢°0- GGRCT' T~  L96'T 89 oURINIAYIIN-C
P1S0°0-  80920°C GL06L°0- rS90°'T-  868'C 7861 ouedoad[AYIDN-g
a D d v % / Avv syutod sureN

a8ed snoraaid woay panuIjuod — J[qe],

154



a8ed 1xou UO panuUIIUO))

000000  LVIFO'E 62702 0" 6C69¢°T-  OTL'T ov1 oueZULq AN -}10}
000000  ¥8.96'€ 00042°0~ 8LSVLT-  ¥TT0 1T ouoZUd( AN -008
000000  €8.€0°F 90€0%°0- 0€8TL'T-  €66'T 491 suszuaqAImg
000000  ¥060Z°€ 20L8€°0- LTELTT-  T10C 76 ouozuoq[Adoig
19690°0-  G8¥GL'T ¥202L 0" Toe6e - 10€°C 7G9 OUOZUD A5
PGPIT'0-  OLIVL'T L8TET T~ T8LFT'T-  8LLT 1901 ouozuag
momuﬂgo.uéx
00000°0  LS6LT°T 6778S°0- 8L9ST'T-  TLLO 6 opAyeplezZUdg
T6ETE0-  €6.97°0 £6€00°2- G19.0'T-  82T¥ 29 reuedoxd-[AqN-g
000000  00L0€'€9% 0000%"G9¥ 80€6T°'T- 69601 96 opAyoep[ejeoy
000000  66125°C 888¥7C°0- G000T'T-  T6ST 724 opAYaPreILINg-TAYISIN-¢
000000  6L¥22°9 ¥8162°0 6e8€v T~ GLYT 91 [eueOOPO(I-U
000000  ¥¥eeL'e 008%2°0- 90L8¢°T-  L60°0 4l reuejdop]
000000  T9I8LT 6018€°0- eer0T'T- 9510 8 [eue e J-U
000000  ¥682C°C €0129°0- CCOFI'T-  6T6¢ 6. [eweIng
000000  TGESS'E £VTTe 0- TLI9T'T- T9T'1 |4 [eueoa(]
sepAyapIv
000000  0SEFST G£99G°0- STLLT'T-  60LF €z omg-g-suery
000000  T1Z9G°C Y09¥S 0" T9ELT' T~  6ST'F 61 euaINg-g-SI0
000000  S8%T0°9 810220 Y02S€°C-  SPPT 672 ouL0opeXo-T
000000  TSTLO'9 1892270 Geo0r'z-  SOF'T 67 oUOOOPRIUOJ-T
98.6T°0  LIPSS'S TITOL'T GG618° T~  0V'T 6LT OUEDOPRIIDL -]
000000  ¥1690°9 689€Z°0 8€TIF'T-  TIST'T 9%z QUOOdPLLT,~T
6TFEE0  €192T'S 865G9'T 6960LC- 681 eIg QUOOIPO(T-T
000000 T€0L0'S VLL70°0" S6FLIC-  €90°C et ouedepu( -1
TL8TO'0  €S866'F 70700°0 LIVSTT-  GL9°E z1g ouea(]-T
97920°0  9¥ETS'¥ 9¥g01°0- 6LFS6'T-  GLT'E ere QUOUON-T
a o) d v % / Avv syutod oureN

a8ed snoraaid woay panuIjuod — J[qe],

155



a8ed 1xou UO panuUIIUO))

000000  0L6TIT'9 957030 168196 80€'€ oLe o110y [AxoHu
T1821°0- ¥866LC 80866°0- 9GL08'T- 96101 991 oyeje0R-[AYud U
000000  66%8%°0- 70888°0- ¥1919°0 9¢T'T X4 9190y [Adoxdos]
TeEVES'0 690202 6008€°C eGE8L'T-  ©S8'€E 921 99R120 Y TAIMOS]
169270 966959 8LTTIL'T 9v0L8'T-  8L6'9 00% oyejeoe-[Angu
€07L0°0-  9TESL'T LBTLY0- €EERET-  EFLL 80¢€ oyee0RIAYRIN
SI99SH
000000 €S09.°€ LETTE 0" €667L° T~  996°0 eVl Totpje-1Adoxdosti(
LLTEC0-  L1EVS'E 00L0T'T- 60196'1-  G€8'9 e Toyje-[ApuLJu-1(]
000000 G¥90S°0- ¥23G8°0- 90L18°0 6500 L IO PR-TAM 110-[AYION
000000  0T9S¥'C 79796°0- 7W08LT-  TSE'T 6 TOYRRIAMAIAYIH
000000 000€T LEES 000T¥'L62S 67S0L°T-  €€¥0 9 toyyerAdord Ay
000000 0000T°¥886T- 00007 €cL6T- 08188°0-  ¥¥9°0 8 TOIAMAIAYIRIN
000000  €LLEV'C 87G18°0- VL6V T~ TEE9 4 sojerddord Ao
TPEST0  66685°G GL19°0 €9606'1-  OVC'¥ €92 Toyje-TAmngu-1(]
000000  16829F 099GT°0- €65C6'T-  €96'T L€ ToygerAuaydi(q
87¢000  ¢8€9S°C 19G€7°0- €6880°T-  706C age Toje-[Ayeui(]
000000 T9€¥L'E L6€9€°0- G08G9'T-  S0£% 44! 1je-1Adorqu-1q
A AC
000000 L¥18T'9 GTE8L0 eIgvs' - GIT'0 i4 sudzua([Ado1dostIT -G ¢ T
000000  697€L°€E 0€L92°0- 160€9°T- #2070 81 oUPZUL[AYIOUWLLT -G E
000000  8€€8S'E Lv0LT 0~ LE96T' T~ LGC'T LT ouLZUA[AIoUWLL -G T
LLGST'0-  FL968'T 762911~ TTOLT'T-  GET'T 1947 sudzuaqrAdordosy
67080°0-  6E66E'C 9¥128°0- 80FVC 1~ 8FFT €99 QUOZUA-[AYIWAI(-F T
2ecL0°0-  01028°¢ 8E61L°0- eV I- ST0°C 009 ouazZuAq-[AouWI(-¢ T
0GLIT°0-  LIS0E'C 91966°0- FOISE T~ LLE'T 679 auazuaq-[Ajou(I-g T
0£290°0-  0006S°C 00T1L°0- 0008z I-  OFI'E LLLE auaN[O],
a o) q v % / avv sjuiod owreN

a8ed snoraaid woay panuIjuod — J[qe],

156



a8ed 1xou UO panuUIIUO))

0LcST'0  69¥¢S'S C8T08°0 TIv10°c-  989°C 69¢ [OURXOH-T
6079T°0  T6SV6'V 9L098°0 L0€8G°T-  1E8'C (43} [ouejud -1
GLTET0  68ILT'S 99T1€T'1 9€0€9'T-  ¥EV'9 6TV [ouedord-1
cov6C’0 070879 661791 €G6L6'T-  LV9'G qce foueing-|
86CET'0  67L09°€ 78815°0 g1gee’ - 1509 796 [oueyyy
8TGS0°0  ST9S€ET 71€60°0 CL8T8'0-  08L°L 9021 [ouRyIoIN
SOToYOoq[V
000000 L£6TL°0 0TLST°0- 97¥19°0 v6¢'S ) auoueXayO[AD)
000000  T8SLE'E 16€1€°0- 8LLLV'T-  OTL'T 0¢ ououejuado[dLn)
000000 0¥9.6°GC 07€86'T 0V9LT'9T- ¢T6'8T a1 ouousydolady
000000 L6¥¥C'T 162870~ 0¥¢c0'0 880°0 6 oUOIN-[AINGOST-TAY IO
000000  €6L6L°G 08€¥T'0 cLLeV' G- LVLO V81 suouriSpu) -9
000000  96.00°¢S €V150°0- ¢69TCc- 8890 89T SUOUBUON-G
000000  €TEIR'E LL¥2c 0~ 90L8¢°T- 9040 0€ ouour}d(-g
CE880°0  TELBEV 8SVIT'0 GLL99'T-  696'9 L6 suoueydop]-f
000000 0€670V 99.€2°0- 1€8C6°'T-  SEV'T QLT suoueydoy-¢
000000 80£99°€ 1099¢°0- 6€€CS’'T-  8¢T0 11 suoue)doH-g
000000 €L¥0S°€ 0TLV€0" gye19'1-  TIT'T €91 QUOUeXdH-¢
000000 6T€EL’E V.912°0- 12687'1-  TV9'¢ TTT1 QUOUBXSH-Z,
00000°0  €8I8C'C 8V4ETV 0~ 9989L°0-  €I9'T 44 ouourUdJ-¢
000000 ¥8€C6'C 9207¥°0- 0€LG€°T-  009°T VLT ououRIUSJ-g
€V0TT°0  0T9€V'€E T0TS0°0 €Igce’ - 0TV Lve ououendg-g
8L600°0  G¥IIg'E 9€862°0- SYISY'1-  16E'¢ L0¥ U030y
SOU0393[
000000  L6LST'¥ €T 0- VOIPLT- 020 z1 018100 [AXOUIAYIH-C
000000 0T8ET'TT- 691€L°C- 0068¢'9 870 g ayega0R-[AUs )y
000000 €€.¥0°9 0L66T°0 86069'Cc-  ATE'E €L¢ oyeye0e-[Aydopu
a ) q v % / Avv sjutod awreN

a8ed snoraaid woay panuIjuod — J[qe],

157



000000 000.6°12 2969€°C OVTv6'TT-  8L9°L 9 pIoe o810
000000  0S9TGFI- TLLELT- TI88T'6  ¢Z0°0T 91 pIoe D10URIDPRIIQO
000000  €8TS9'S- eVere 1- 08G88°G  066°G 8T pIo® O10URIIPRXI]
¢z0IC0  0E10S°0T 62£E6'E L€0GG°0-  LST'OC 91T proe orordorg
OFP9T'0  GCF8]'S 60T6S'T 0€TLL0  STO'LT 60€ pIoe 01100y
000000  0L6L8°€ 19¢G0°0- 0T8EL'T-  T96'E ) pIoR d10URX9]
000000  £69S9°E 29€LT°0- 166L6'T- 91870 91 proe orjfide)
000000  SVSCST 62062 0- TEPIO0-  98C°0 9 pIoR D10URIIPRIIT,
000000  08€8T0€ 80C€T'T 086€0°02- TTT'9 ) pIoe o10URdAIPO
000000  €£.G€'T 6EETF0- 1L261°0-  SST'0 0T pIoe dr0URdAJ
000000  TLLVTT 0€3TF 0- 697800  LITO 8 pIoR d10URUON
000000 98061°0- VELTT 0~ 188T6°0  S99°0 L1 pIoe drouR U]
022L€0  0S8¥L'9 69GETT CFOLT'T-  FI6°E 12 proe ouking
€S870°0-  0868€'ST- €80.9°0- OFL8T'9T 0680 98 pIo® OIIO]
SpIOY
000000  ZTSVT'T €e10¥°0- 76EE9°0  0T6°0 €1 o[0uBISPRIIO-T
000000  0Z89T'0T $0GEL0 62228~ 9TF0 iz [ouedapexeH-T
000000  82STOF 6£L50°0- 09702 T-  €8T'T il [ouROepRIIOT,-T
000000 09226V 1028070~ Sr091'z-  189°C 6 [ouedepo(]-T
000000  £CS6V' 0%S10°0 162S8°'T-  06L°C 6 [ouedapuN-T
1Z8YT°0  6L9TF'9 923280 ceser'c-  IST'F 98¢ [ouRde(-T
L2STT'0  L9TGL°S 6¥729°0 cy89T'Z-  €FET z81 [ourRuON-T
9820%7°0  0T6VT'8 V1122°C 0892F'c-  LITE 112 [oue1d0-T
LTFET'0  67065'G S6769°0 I8GTT'Z-  SIET L0€ [ouejdo-T
a o) d v % / Avv syutod oureN

a8ed snoraaid woay panuIjuod — J[qe],

158



o8ed jxou UO panuIIuO))

000000 L1918°€E Z0g8T0- VPOT'T-  L8TGEL'T ag oURSOORIPLU
000000 19298°G €000LT°0 L916T°C-  S69VIV0 oy oURSOOLITU
000000 76£80°G 923100 €Ce8‘T- 8C89TE'T 24 auesodo(u
000000 LETO8'S V€C6310 ¥42¢'c- 92050 87 OUBSOOIOUIHU
000000 €689T°9 9gTSLT0 9818¥'C-  LE9TLY0 i QURSODI U
000000 780976 T85€8°0 Vev10v-  TS080€C 128 QUBRIOPBRUONU
000000 8.729°2 8FCITE0 1LL6€'€-  LO8BLTY'9 78¢ ourddPEBIOOU
000000 9T6E79 €80152°0 7€9.8°C-  S¥ET6T0 L1 oueoopejdofu
000000 66L8€°L GOSTIE'0 90L€€€-  S0T6LV'T 9% SUBIIPRXIHU
000000 VLVST L 10L6€2°0 L966T°¢-  TETEE9C 89¢ auredIPRIUDJU
000000 8¢TV9‘9 69TT0T'0 eVESTe-  T9LET9'E VLY aURIIPRINOLU
LESTE - T6IGLY T69¢€°T- LLSTT'e-  TLI9TL'E 169 oURIAPLILU
000000 1L°068¢-  86°698¢- 89962~ T€69€E0 L1 auedIPOU
TIFPIE0-  $S006°C 0L69GT- 76868°c-  VISSYT'T iad euedoOpuUNU
12870~ GLEVB'T VEE6T T 6008°c- €99V1G'E GT.L ouedd(JU
66S72€°0-  GGLOLT L€850°C- ere99'c-  GE0660°C 819 oURUONU
€LEL160°0-  TG889'F €6999S°0-  C9TFS'G-  CLIVLO'E 6€S surPOU
LGG6SE0-  LSOVIC 9ev01'C- 18¢Le'c- T80TLI‘¥ oV ouejdo{u
68T82C'0-  €.899°C 76671~ GT96T°C-  9800T.L‘C 969 ouEXIU
T8T6T1°0-  68€ILC 988111~ ¥9296‘T-  TI0T08'C GLS ouRjUSJU
69G0CT'0-  L080T'T TTLBT T- 18169°T-  LGTLTIT 44114 oueInguU
9000.90°0-  GGS66°T G909€6'0-  €O0P8C'T-  £96E80°C TSt ouedoig
VOV61IT'0-  T¥I098°0  9¥ece’l- 1LLT28°0-  180ST¥'G L€8 SLClcH
69.3820°0-  ¥PLOSE'0  GT6TS8'0-  6E6EST0  L¥1926°8 1012 AURIJIN
saueq[V
a e) qa v % / avv sjurtod awreN

L5170\ yoeosdde 1§17-0 €TV

159



aged Ixeu uo penurjuo))

98172 0" 76889 906651~ €9G€EC- ¥9LE0V'¢ SO¥ ouajdoy-T
TISS6T0-  6896%°C C6TLY T- FPIST1C- €6L509'% 962 SUOXI-T
000000 €0689°¢ 676S57'0-  7S906°T- F091SH°0 43 QUS|
000000 999L1°¢ £8067°0- 683091~ PPETVR'T 1€ suang-1
6G80L°0- GT0E6L0- 0TV 'e- 8TIGT 1~ 879£06°C 162 ouarAdorg
€87S670°0  6S91°C 1820LE°0-  G¥0099'0-  8SFSI8L'S 16€ QUOLAYYH
m@ﬂ®v=<
000000 192509 €T66ST°0-  T9S0¥¢- 8TGLS0°0 ST ouejuadiAyjoIL],-F'¢‘Z
1€08GY'0-  ¥IG6SL'0  C0S6°C- ve19°c- Z9109¢°S 867 ouejued[AYOWILLF'C T
000000 T8606°L 600TT0°0-  S679LT- 609129°0 9T QURIN[AYIOWIL] €T T
000000 9veLE T 88629£0-  £CL9LT- 8128950 LT ouejuodiAyjowi((-§'g
00000°0 65059 TTI00TT°'0-  T0L0L'E- $55L8€°0 LT ourjuadiAyjowi(q-¢‘g
000000 679 9L1291°'0-  TOELI8‘E- 168G.0°0 9T ouejuodiAyjouni(-¢‘g
00000°0 9€822°9 PPEIPI‘0-  89.8G°¢- 961800 q1 ouejuodiAyowi(1-z‘g
00000°0 8696£‘9 6£9¢20°0-  ¥6LLG°¢C- 80GT.L8‘0 18 ouRINqAIRWI(-E'T
000000 17058°¢ 9¢6877'0-  TIEVI‘C- TI97.LL0 L1 ouRINqAYIWI(-Z T
000000 9'68C1- L6'68C1- 629S6'T-  66TLS80 G ouedoxdAyromi(q-g'g
00000°0 LSP9T1°9 €0329L0°0-  L¥9LTE- FE0LT 0 91 oue)day[AYIoIN-¢
000000 8LLEVG 98€LVT'0-  6EVRC- 9GL170°0 9T oueldoy[AYIOIN-¢
000000 9.8¢‘c L6008T1°0-  80€0°¢- GET90T 0 9z SURXAY[AIOIN-E
00000°0 889%G‘G TTYE91°0-  €0¥96°C- 8929010 91 oueXY[AYIOIN-G
000000 8IVEE'S L¥.88c'0-  99568°C- G86ET0°0 91 ouejuod[AyIF-¢
000000 T67€0‘8 8GZIZT0 PPILG T 8G1865T 114 suejuadAoIN-¢
00000°0 8GTIST‘9 8GL¥60°0-  L9LOF'E- 69060 L1 auejuad[AYI9IN-Z
000000 786£6°E 18961€°0-  6TIV61- VCREVT‘T 99 oueINqIAYI_N-C
8LGVST0-  €L68S°T 9GGCF 1- P8VE9'T-  LT6V68'F 9GGT ouedoxd[AYIoIN-g
souey[Yy payoueagqg
a o} a v % / avv sjuiod owreN

a8ed snoraaid woay panuIjuod — J[qe],

160



a8ed 1xou WO paNUIIUO))

000000 6.80€°9 T9L1290°0-  €FLLE e 61E8VG0 11 QueZUI([AINg-00s
000000 T8TT1LG G96380°0-  89.G6°C- Jrésliantd 49 sudzURqAINYg
00000°0 T0796°E GGGTLY'0-  ¥203T T T0L9ST S 76 auozuaqAdorg
€1988¢°0-  LTE6S'T 685761~ L¥8.5'C- VLV6EE'E €29 OUOZUS A
66500S'0-  SFPIELT'0  1¥96°C- L1TE6'1- 8TE196'C 956 auLZUdY
mUT«&EOh<
00000°0 1166°C F008FS'0-  PSPTLT- TT1TLLO 6 opAypprezuog
PI6TL0- G6997°1- 9TV56°¢- €T669°1- 6C0VET S 19 reuedord[AqIOIN-¢
000000 9'9G.¥ 10°CELY T$89¢'T- 1€6L6'8 96 apAyeprejeoy
00000°0 S06¥6°C SHPI89°0-  8TTISI- €980 ¥ 7S opAyepreIAINgAYIN-E
00000°0 6G8.£°8 GE888S 0 £8089°¢- 96T9ET'T 91 [eued9po-u
000000 1915g°¢S 91%%01°'0-  SIVLG'C- TSEET0 4] reuejdo-u
00000°0 er0g9‘e LTZ01€°0-  9€60L°T- 1GGOST 0 8 [euejUOJ-U
000000 €7G85°C ¥6707L'0-  CEEILT- 3E6803°9 ) [eueing-u
00000°0 1285L'F F166.60°0-  L8%0°C- 788807 T 1% [eueds(-u
sopAyLpPIY
00000°0 6L7L0°€ 121960~ CTLYI1- €ETITV'C 54 audIN-g-sueI}
000000 9GGTTE 9981050~ L6LI9T- TLT80LT 61 ouaINg-g-s1
000000 31806 GE6£9°0 686CTF-  LPTLPET 67C 9UAdaPEXIH-T
00000°0 L¥0£0°6 8T0¥29°0 69891 %~ S0650%°T 67¢ oU29pRIUSJ-T
GELLIED G606°TT GTS6ET €0L597- 9980.L%°T 6.2 UAdIPRIPT,-T
00000°0 8LL29‘8 1829550 LT1€0'F- 990660°T e QUIdSPLIT -T
G0SGZST0 9%99¢°6 9LG8T'T COSTT V- 1592.8°T e1e aUL29pO(I-T
000000 ¥886¢2°¢S GP9T9L0-  888%6°C- 182668°¢C Retd ouadepuUN)-T
GIPRGE0- T9SL6°C F68L6°T- G0L0ST- 86T1L90°C 483 9Ud%d(I-T
€66Gee0-  L0L19°C GEI66T- ¥8159°C- 1CVIG0' T ere QUAUON-T
COEI6T'0-  €91€9°¢ GLBLT'T- 208S'c- G9659¢°'E 89% ouR0(-T
a 0 g v % / avv syutod sureN

a8ed snoraaid woay panuIjuod — J[qe],

161



a8ed 1xou WO paNUIIUO))

1092090~ L6060 GE99% ¢- QI8TG'G-  T9LGPE'0T 991 0yl y[Apuo Ju
000000 Lvv0‘1 T¥96€L°0-  TSISHE'0-  ¥LOEST'T 1% ayeje0y[4dordosy
%02e1'0- 1€8L9°€ 9€€098'0-  L€99€'C-  ¥ET60LT 66 938300y [AIMqOS]
000000 G008S‘7 €6LE8C°0-  CSVEV'C-  869€T'G 681 oyejeoRIAngu
167970~ G20L6‘0 eyIv'e- 199L°T- 6ELLYS L 96g 278190 AN
SI99SH
000000 12IVS' Y T66V8T'0-  G699£'C-  €96SC°T ligh Torperddordostiq
708908°0-  €S¥868°0  1€86.L°E- €LTVLC-  TG99GG°L 761 Totyerfyuadi(q
00000°0 L66T9°T ¥08LE9°0-  €LS619°0-  STLYS00 L 19PN -1109-TAYIDIN
000000 6STLI‘E L6€9€6°0-  TL6VE'C-  9€T0CTC 6 TS AMAY I
000000 G°LL89 18089 QOLVI'C-  LCSTEVO 9 toyjeddordAyyy
000000 89881~ L'T6981- eTLG9'T-  686€¥9°0 8 IOYIRIANAIAYIDIN
000000 €807S°C 2SG80°T- 8%880°C- 9263396 il ToyjarAdordiAylopy
19,6280~ 19600°F GgGST‘T- Lvee9'c-  €0ve9v'e LET TYRIAMqI]
000000 TT6L9°L LV11690°0  6SC6T'7-  GPI800C LE Toyjerdusydi(y
000000 80TV.L‘T 9TGLLY'0-  LTEIE'T-  6T¥620°C 161 ToterAy el (q
00000°0 78978°€E G86G69°0-  €.89¢'T-  TOTVER'T (4! 1oyyeddord-u-1q
sy 1
000000 L8GCT'8 ereTo‘T 78T9L'T-  ©LETTI0 iz ouozudqAdordosy -G¢‘T
000000 163SV'Y 6V1LET0-  G6E6T'C-  €9£650°0 81 QUAZUA([ATJOUWILIT,-G E
000000 er960°G LISPIT'0-  GLET9'C-  ¢T5es9‘T 1L1 OULZUD([AYIOWILL, '
CLETPS'0-  8TIETY80°0  6EIT'E- 8080°c- TELVT0'E 87 suazuaqfdordosy
L0TL0G°0-  €880T9°0  699%6'C- 8V€TC'C-  60ETLI‘T LvG audzZUdq-TAY eI
2902€°0- TeTI8T 71190°C- TeITE'C-  80€STSE'T 96¢ ouazuaq-[Ayjewi(-¢‘1
€YSLIT0-  PS0E0°'T GRT8S G- L1.8C8°C-  98961C°C 6€9 oudzZUd-[AIoWI(-g T
6G968T°0-  TLS6°C GEVT'T- 6500~ 980L98°C vice euan[OJ,
00000°0 €0L9°G 6671090°0-  €.G.8'C-  TTLOE6'L 0v1 ouLzZUA([A)Ng-119]
a o} a v % / avv sjuiod oureN

a8ed snoraaid woay panuIjuod — J[qe],

162



a8ed 1xou WO paNUIIUO))

70G861°0 G9G60‘9 GZ0TT'T 8L6LI'G-  9£T698'C cel [ouryud -1
TS9T6T 0 G0950°G 891660 TLLT- 9TTLI9 L9¢ [fouedord-T
9688830 876359 T08T19‘T oLyL0'c-  T08L9e'S 12¢ [oueng-1
9€79880°0  6L6£0°C Tr1681°0 CEEs8T'T-  998189°G 798 [oueyig
10367200 FIGLLT GSPSLI'0-  6860¥8°0-  899788°L GG01 [OURYISN
SI[OYON[V
00000°0 90S91°C 9G€08€'0-  TELTTG'0-  LES0E‘S L QUOURXIYO[IAD)
000000 657007 6TG68C°0- 18000~  ¥LG6ES'T 0% suouejuedooA))
000000 8078°0% S6570°C GeT8‘9T-  L9gET68T  ¢T suouodydojeoy
000000 6VEVST 78G8GE0-  ¢IT998°0-  T6T980°0 6 suouejuad-g-[AYILIN-F
000000 K ANS 769870 9€8€8'¢-  8¥LTIT'T 781 QUOURIOPU() -9
000000 At4y) €L8155°0 78.8L'€-  8G020T'T 891 OUOURUON-G
000000 G669LF GOELET'0-  9LLVT'T-  CI9€8L°0 0¢ ououeR}O-Z
66€TGL°0-  CEPTIE'0  88ICL'e- 96167'C-  90€693'E 6. ououejdof]-f
000000 G9T69°G LGTOLEO'D-  88L¥6'C-  1899€0°C GLT ououejdoH-¢
000000 GE88]' Y L896€T°0-  ¥T19€'C-  €9.812°0 11 ououejdof]-g
000000 9€891°G 9690T¢°0-  G098LC-  LLIWSC'C €91 OUOURXS]-¢
000000 €8€ET'V 6LL9€°0- 608GT1°C-  €99TE'S 101 oUOUEXS}]-g
000000 9.760°¢ T6E0LE0-  €SPSET-  T6IE0S'T & euoURUSJ-¢
000000 €80L3'Y €6VLVE'0-  LSTPE'T-  ¥1920LC VLI ououRIUS J-7
8G0TLT'0-  809TG'C T0765°T- eYIE8'T-  6096STT 9¢¢ ououeing-g
999LTL0°0-  6186L°C TTOISL'0-  G6VLO‘T-  887L8S‘E 98¢ oU03R0Y
SOU09}93
000000 8L6¥C'C ¥ve6¥80°0-  8¥ST¥'G-  gT08ST0 ael 91ROV [AXY[AYIH-T
000000 800%‘0T-  L09€9°C- £5038‘S 6767870 S ayegaor[Aurp
000000 GGGLT'S 909670 VLTT6'e-  ¥LELO'S €LT 9yeje0y4ydeu
00000°0 LLT1S'8 692905°0 720807~ L19966'C (X4 9yejOy[AXoU
a o) q v % / avv syutod aureN

a8ed snoraaid woay panuIjuod — J[qe],

163



00000°0 830G 1892€C LLL6'TT- TV8TLI L 9

000000 T6L0VI- LT889°C- 18L06°S 9.8920°01T 91
000000 £GGRT 8- £TC08‘T- 8G0T9‘S £6G286°G 8T
192€87°0 G866 93835°¢ LV18E T- 1682€6'8C 911
90G6LT°0 690689 110€9°T L8LTTLI0-  L¥S6S0°€E  60€

000000 €6S0L Y T1L7960°'0- SE6EVT- 1152097 2
000000 9L0€SV €L0VVC'0-  8¥STL'T- 3G96G.L°0 91
00000°0 7S050°¢ 88TT0C0-  GLISF6'0-  9¥889%°0 9
000000 €19.°0¢ T1L91°C G66£°03- 988G0T‘9 L
000000 806£C LTTL8€°0-  €TL00°T-  ¥8SLLT°0 01
00000°0 20620 CL66LE0-  FTILFL'0-  €ISITT0 8
000000 GSTIE'T €G6L07°0-  TLLSTE'0-  6CI889°0 LT

PIo® DI0USI8PRIDI)-6-SIO
proeoLIesly
preoniured
proe oruordoaq
ploe o190y
pIoe dIouexey
poe orfxde)
ProeonISLIATN
proeonmery
proeoude))
PIoe dlouURUON
proe orouejueJ

€LL807°0 VEVLE L 1289¢€'C €8G980'c-  8609€€'¥ Lz proe ouking

00000°0 892106 €166.3°0-  9300°06-  €67¥98°0 0¢ PIO® OTULIO]
SPIV

000000 9050°C VIPLTE'0-  9LPS080°0  S6S9T6°0 €1 [ouedapeId-1

00000°0 3Le9°0T T697LL°0 LEVET G- 18050%°0 i
00000°0 PSTES' Y €965700°0-  FICIS'T- STZOTTT il
000000 Toa8‘9 G90Z6T°0 78LLE'e-  ¥LLS0T'S 76

[ouedapPeXSH-T
[ouedapPeIIdT,-T
[ouedepo(-T

00000°0 F00%'¢C F888F1°0 9689¢c-  LFPSIT'E 6 [ouedapu)-T
€GT6150°0  9TI|T9 1818020 9LG56°C- £68€9'7 892 [oued’J-T
GG8BLIN0- 8ESTT'S VOTEPT0-  67¢L8°C- 1S7.8¢'¢ 69T [oueuoN-T
z191€°0 96860°8 L0ET]'T 6L9€L°C- F880¥7E'¢ 761 [ouej (-1
18290900  STI8S‘S 08881¢‘0 16L28'C- 80£799F €62 [ouejdoH-T
6I7EL80°0  76L¥S'S €S1TLY0 CLIVY G- 8TSYI'E 1§74 [Ouex9H-T
a 0 g v % / avv syutod sureN

a8ed snoraaid woay panuIjuod — J[qe],

164



o8ed jxou UO panurIuo))

G8S]STE0- Vevv e- S0TE T LTSTe'T 965991 GS OURSOORIJOL,U
86925 0" GIG9070°0-  €STEL'T- 9€57030 3965650 47 SURSODLITU
9% 18S%0- 12608°C- €9L.8°C- 66701 L0SSST‘T 7S 9URSOd0(TU
8LVST 0" LYSET'T L2eT°T- SLTITT0-  80.L8¥E0 87 QUESOJIUSH U
1€G1€G°0- 8TL8V¥'0 GOTGS T- GTL60TO0-  80TT0E‘0 87 QURSOOIHU
$SL¥Cc0'0-  2L9900°C TLYIST0-  TTE69S0°0-  CISEIT‘T .2€ 9UBIIPBUONU
GO8GE'T QTLVTI TS¥80°9 L0€5°T- T90LVTG ¥8¢ auEI9PEIOOU
¥2c6700°0-  L0SL8'T 9830520~  €€9TL¥'0-  €.¥20%°0 LT auedopejdou
60LT9L°0 €085 R080%‘¢ TL90g 1~ FI9161°C 99¥ QUBIIPRXIHU
8LLOT90 T066.L°L 60£98°C ¥6C6T T~ 89TL0°C 89¢ QuedIPRIUSJU
1125€9°0 295162 T19LL°C €TTI1- GTGTGL'T i7A% 9UEISIPRIIALU
68€S¥30 €SIF'S PI60T'T €001 1~ PSTILT'E 169 SUEBISPLITU
99°296¢- € LVL0T- 9°GL90T- €C18L9°0-  GIE6EED LT aURIIPO(TU
S0izaan] 18€1G‘Y LIEVSS0 GGOT0‘T- 101G6V'E 9¥ ouedepUN U
$02011°0 ]GTE0'Y 104650 9G8T0°T- £C96E£8°C GT. aueddU
LT9TZE0°0  9880¥'E GTLIE60°0-  86L696°0-  ¢O¥00L°E 819 QUBUONU
18060600  LET¥6'E 369892°0 79€L86°0-  QTL¥F'E 628 auerjOU
GT962£0°0  6ETI°S 891910~ L18868°0-  88G880‘F dlja auejdoHqu
LTI702E0°0  T189.6°C 6EETLT0-  7691¢80-  CTEy09‘E 969 SUeXoHU
8€GETS00-  GL8LST FTG09L°0-  8ST88L'0-  TILS0LT GLS suejUsJU
9L.5900°0-  89G8T°C 9T€ETS'0-  ThLOSL'0-  €£L1£66°C 7802 suengu
8G¥L0S0°0-  TI6EG°T 1.8078°0-  9GTILTL0-  6FLLEE'E 12ST ouedoiq
TIE6IE0°0-  6065€'T 60988L°0-  98eTES0- T86L2ST 1€8 aurey1y
PLPPEC0'0-  655889°0 9597280~ FFEC080°0-  TSI8LY 101% QUBRYIDIN
souesq[y
a o) g v % / avv syurod swreN

7997 yoeosdde 333-0 TV

165



a8ed 1xeu uoO penurjuo))

1¥00280°0  L6TI¥'E 99S%0L0°0  989206°0-  S6TISI‘¥ SO¥ ouajdoy-T
79919.0°0  GETTT'S 100€€€0°0  8T6C98°0-  LIVIGL'Y 962 SUOXI-T
8608790~ VETET T GITVL'E- PILELS'0-  6ITLE0C 43 QUS|
GTTTLT 0 909¢5‘¢ 1€29€5°0 GG9LLL°0-  986.88'S] 1€ oueIng-1
16009600°0  ¥¥68¢°C 7S19¢°0- 126829°0-  ST1169¢°C 162 ouarAdorg
G7L931°0 Y051¥7'C 6L69L60°0-  99SCES0-  £LE868°S 16€ QUOIAYYH
m@ﬂ®v=<
G0g6¥C0-  S6TST- GET66°T- FS677S°0 FTT090°0 G1 ouejued[AyjouLi] H¢'g
ZvL00T 0" GIGTR'T LTG9S6°0-  GET9.8°0-  90.£10°C 867 ouejued[AYOWILLF'C T
COTVET0- 9¢T1ET € 91870°¢- 182880 9€0139°0 9T QURIN[AYIOWIL] €T T
G8000T‘0-  FTSP8'T 18G8G6°0-  6£48T6°0-  8L0TLED LT ouejuodiAyjowi(I-7'g
PPLC680°0  TOPSLY 6G8G8T0 TE1E6'T- 65V75E0 e ourjuadiAyjowi(q-¢‘g
86ESET0- 6.50S.°0 L¥SLT T 789G9%°0-  ¥0£5L0°0 9T ouejuodiAyjouni([-¢‘g
€CIPIC'0-  6L0T6F'0-  LOFPLI- 92912£0°0-  L60L2L0°0 q1 ouejuodiAyowi(1-z‘g
LIS9FT 0 2€090°] Z1£098°0 65L99°¢- L12€L0 18 oueINqAYWI(I-¢'G
667.000°0  88ETV'C PIVL8€'0-  99818°0- 186G6.L°0 L1 ouRINqAYIWI(-Z T
1€9PET- GG'2S0L 119869 9098€6°0-  990L0£°0 g ouedoxdAylomi(q-g'g
V0533 0- 11€1€T°0 19LL9°T- G6S6CE0-  STOFLI0 9T oue)day[AYIoIN-¢
G665030- G6VSIT0-  ©Toe9'1- €L7580°0-  €IE070°0 9T oueldoy[AIOIN-¢
PIGEER0°0-  €OLST'T FEICF6'0-  TS6ET9°0-  988060°0 9¢ SURXAY[AIOIN-€
80GTLT 0" 60£092°0 66557 1- 8GTEVC0-  L80£60°0 91 oueXY[AYIOIN-G
PPPOP10- GGRSGST 0 67ST1E T- VLLLVC0-  8TTI9£0°0 91 ouejuod[AyIF-¢
€C700°c £086°CE STOT'CT €0SL°TT- 908¢2S'T 114 suejuadAoIN-¢
16890°C o0¥'€e PPe0‘cI €856°01- 991100 Al ouejuad{AYIoIN-g
LIPETT 0 CLLIST 19€€0°T- ¥9ScLL'0-  TE0SEV'C 99 oueINqIAYI_N-C
G89¢¥T0°0-  FOVI6'T 128829°0-  6809£L0-  LE8LFL'E 9GST ouedoxd[AYIoIN-g
souey[Yy payoueagqg
a o) q v % / avv sjuiod oureN

a8ed snoraaid woay panuIjuod — J[qe],

166



a8ed 1xoU WO paNUIIUO))

€F8C8G0°0-  98T1S0°C 60780L°0-  899¢TL0-  €1.90T‘0 11 QueZUI([AINg-00s
€9.8%V°0- £V067 7~ GT8E0°€E- VL0TLT €GLGGR'T 44 sudzuqAINg
€089Z280°0  SSFILT L€S9%00°0-  8920G°0- F16601°C 76 auozuaqAdorg
GTOTLT00-  GG6SI'C L80TFS'0-  98129°0- 9988€.L°C €29 OUOZUS A
7.8G80°0-  LE¥0'C 1850€9°0-  S00T0L0-  999£6'C 986 oUOZU
momamEOh<
SV IT- eI I1E- 8G69°¢8- L0S°0ST Treesso 6 opAyeprezuog
6S7TE80°0-  T0OOST'T ¥5¢66°0- G8879G°0-  GLL8R|6'E 19 reuedord[AqIOIN-¢
e119.°¢- 936895~ 290805~ 88GC0‘T- 38986°E 96 apAyeprejeoy
GGE6T60°0-  6L1GC'T 78G86°0- T6¥595°0-  L89.£0°C 7S opAyepRIAINIAYILN-C
CELVV T- FE88°0T- GGOTL L- 69VLIC T86ETTT 9T [eueddopo-u
o0Tve10- 2919860 90¥%80°T- 88.62£°0-  TLE860°0 4] reuejdo-u
9996990  9960.‘8- 1€26S V- SF960°¢ 186510 8 [euRIUS J-U
PILCET 0 7LL8LL°0 86503 1- 6986€S°0-  ¥98S69°C G, [eueing-u
FI8¥GC 0 60027'S 98£66°0 Treee’T- $.5060°T 12 [eueda(-u
sopAyLpPIY
PSY16E0- 1819270~ 9€99%°C- TPSI08°0-  GEELIL'S €T audIN-g-sueI}
16820 0- 9091110 STPE0'c- 69668L0-  €61569°C 61 ouaINg-g-s1
86000T°0 TIL6LT 636600 7686£¢°0-  L82TT0'T 67C 9UAdaPEXIH-]
PITCPSO'0  6EFFST LG6SCT0-  ©6LLLT'0-  TOSTIPI‘T 6¥¢ oU29pRIUSJ-T
G661680°0-  8EETI'T 78908L°0-  LT19.ZT0-  98C0L9'T 6.3 QUOOPRIIQT,-T
FLOSTT0 £662¥'¢ 1€20S€°0 1662€5°0-  8FE980°T e QUIdSPLIT -T
$6960L0°0  ¥0669°C L8T9TT0-  ¥I620S‘0-  ¥GGSSI°C e1e aud29po(I-T
G08TST 0 G0666°S T1228°T 6GEV0 T- 18ETG1°C 192 auad9puU) -T
9888610 Y0TLL'Y 699520 6V1GT 1~ 16LG8‘¢E 483 9Ud%d(I-T
9GE8T 0 GIE6E T Tev039°0 GOTLO'T- L6TH68'T ere QUAUON-T
9zL¥870°'0  9L01¥'E €505790°0-  ¥55S0'1- €9L6VV'E 89% oud0(-T
a D g v % / avyv syutod sureN

a8ed snoraaid woay panuIjuod — J[qe],

167



a8ed 1xoU WO paNUIIUO))

90L£690°0  86699°C TGLV6T0-  8SFE880-  PSIFPSFOT 991 9ye10 Y [ApuaJu
1292620 PPLGT'C 104290 €Le112°0 889291 12 ayejeoy[ddordosy
6SFFES0 $2018°'9 cLETE OF8888°‘0-  ¥88CLLE 66 912190y [AIN OS]
G0TLESO 65956°G 99101°C 89¢T0T- 11999%°2 681 ojejedRIAINgU
TGE0L60°0  LOETLG G¥95790°0-  ¥S6S18°0-  GIOI6‘L 9G¢ 93e300 AN
w&@ummm
CILIO0T 0" CTELE'T 6£526°0- 9110660~  €59¥¢6°0 tjas JoyjerAdoadosti(y
60L2900°0-  1398G°'E GRTG0T'0-  ST89F8‘0-  TIFSTI99 761 JoyyerAyuadi(y
192£9°G- 6T1G'CL- 9evI'ee- €ET6°TT 3807500 L IO 304N -}103-[AYIN
6GTE6°T- 68566~ 08696~ 6688960~  697£'C 6 IoIRIAIMqIAYIT
€L9T €C'LLT6 95°LGT6 SIEIV6'0-  LLVCETO 9 soryeiAdordAyyy
L1°6189 €1°670.L- 8G°C.L89- 8990GT0-  TOOF¥9°0 8 IoRIAMqAYIOIN
FF8612°0 €0ST6'T 60TLTT0 879L80- 6SIP19°G ¥ 1 ToyjerAdordiAyoIN
8805930 €00E6'T 292201 6EELV6'0-  I8CIV6'C L€2 IoIRIAMqI(
99%068°0-  9VV'CI- #8000°9- CT8ILY 96£658'T L€ Toedusydiq
29%6¥3 0" 6£0£€S°0 6LG89°T- 66996L°0-  TETRSET 161 Ioyjo[AYjoui(]
8705650 CLITV' Y €L5L06°0 LE1TL8°0-  89LTIIT‘E 44! seyjorAdord-u-1(q
SI0YYH
GoTYT'9 888°€8 VL81°9¢ G198'Ce- 0 i ouozudqAdordosiy -G¢‘T
81G8€L00°0  C9T8E‘E 1682€C°0-  T98¥VH'1- 80£2G0°0 81 OUAZUD[AYJOWILT -G E T
GeTTVY'0-  89Te- €666T°¢- €€L90°C 9€T98¢€'T 1L1 OULZUD([AYIOWILL, '
809€S0°0-  PEESS‘T 8IL6IL0-  89¥8€E'0- L892C°C €Ty ouvzudqAdordosy
8FT9810°0  S6TIFS'T LVIEPF'0-  TE9E6E0-  6S0098°T LvS oudzuaq-[AjouI -} T
1€€2020°0-  T6IET'T 60L90S°0-  8€090L°0-  LSTS6L'T 996 QUIZUD AW T
€8€6970°0-  LTTIR'T 667£69°0-  S61¥9°0- 8529€8‘T 6€9 suazuaq-[Ayjewi(-g‘1
661690°0-  $8998°T 1€869L°0-  OVISEL'0-  9T99%9°C v1CE ouaNn[Q],
6970TE0-  TS60€'E- 7599%°¢- TET6Y'T LTLIT19'T ov1 QUIZUIAINF )10}
a o} q v % / avv sjuiod oureN

a8ed snoraaid woay panuIjuod — J[qe],

168



a8ed 1xoU WO paNUIIUO))

GET00T 0 G2908‘C ¥re1Se’0 19899%°0-  8LTLC cel [ouryud -1
€670 8€9.9F T86%°T T€9T0°T- 96,252 L9¢ [fouedord-T
9606550 L18€0°G V68TVE‘T 6SG9T°T- VeLVLL'G 12€ [oueng-1
LOELYTO 80geV‘E TeTIv9'0 TL0666°0-  LLL6VT'9 798 [ouey)y
9TISTTT0'0  S8STL'T T0L8T‘0- €088€L°0-  6.91°8 0] [oueIIa\
SI[OYON[V
820L°01 17.L8G¢ 60L6'7L 6STVIT- 263968V L QUOURXIYO[IA))
G0S€T0 126SLY L6V2L6°0 10°T- QTLTVV'T 0¢ suouejuadooL)
8VG'CT- 962762- 9¢0°20T- 966 71T 9G6T18L°LT &I suouodydojeoy
¥0TLe1°0 708G2'C T6886T1°0 GEE0TI00  6LF680°0 6 ououejuod-g-[AYIDIN-F
GESYET'0-  GE06ST0 6179G T~ TTLIEE0-  ¥90909°0 781 QuUOURIOPU() -9
6€£909%°0-  GC6ESTO'0-  80TSL'T- 600€¢c°0-  9SL199°0 891 OUOURUON-G
9FIVET 0 GTET69 T61LT'T G188C'C- T6L9°'0 0¢ auoue}dO-g
659565800 999¢¥'€ 88826900  TGS¥68'0-  LLTSLLC 6. ououejdof ¥
T6929T°0-  ¥¥0ECE0 VLY8ET- VCSeEvE0-  670LS0°'T GLT ououejdoH-¢
199061~ 1€997¢- TeLLTT- L269G°L 816120 11 ououejdof]-g
¥19€0G°0-  GOST6S0'0  GG6GS‘T- Gg0Sec'0-  S9TT6S°0 €91 OUOURXS]-¢
LV61€3°0 7G186°¢C 686990 200TL9'0-  LTP9EE’9 101 QUOURXdH-g
8T90T'T 68.°0¢ 2G895°9 96€91°L- TLIT9'T (& ououeRULJ-¢
6GTPST'0-  TLL6STO oo’V 1- ¥89E¥C'0-  TLELEG'D VLI ououRIUS J-7
GTVETT0 GTE6T e 6192290 G9F0SL'0-  20STE9‘T 9¢¢ ououeing-g
€990T0°0-  LLGLV'T SGLYF'0- €7810°T- 108€'S 98¢ oU03R0Y
SOU09}93
G99€€60°0-  69€66°'T LEPGTS'0-  G¥8LLY'0- L8800 qgl 038300 Y AXOYIAYIT-C
186802 rdaNaré €EVIT VL8'19- 7800£0°0 g 03e1e0RAULA
GLOETV 0 8E8E‘L V0L86'T TTER'T- 1L160€'E €LT 012100y [A}dofu
EIITHY'0 7GE66°L LT961°C £2£30°C- 166.3€°€E oLe 9ye1Oy[AXoU
a o) d v % / avv syurod sureN

a8ed snoraaid woay panuIjuod — J[qe],

169



76870°8- £09¢'98- 6LV8' V- 8GTG'61 TL10%G°L 9 PIo® 210U929PBID()-G-SID
QTGS L- QITVTI- VL8167~ 9995°c¥ 8LY60°01 91 proeoLeslg
€0€5°0C- ctiatdds 16901 6L0°601 6ESTIV'O 8T proroTjIUIe g
9836150 6501 €65€0°7 Tvvove'0-  8c0T68°'Gc 91T proe oruordoig
L08291°0 188¥6°S 98095°T 9208950 TTLSIV' LG 60€ pIo€ 01300y
6LVSET 0 6168SF £8.798°0 878¢98°0-  G086S9°¢ 2 pIoe dIouUeXa[]
TV86860°0  T6SFE'E L8%0LT0 9881660~  992EHE‘0 91 poe odrdide))
GO8T¥S0- 120S€'9- 16619°¢- 8€15ST L0L8€2°0 9 ProeOnSLIATN
TE8E0G- 7€6£'08- 8103 'z¢E- S0T1G LT 70299°C ) proedtImey
9g11g70°'0  L0G6G'T TGEL8T'0-  L63SST0°0-  TEITET'0 01 proeotide))
TILYS 0" CI0¥'¢1- LGG8€ - 290889 TESET 0 8 proe droueuoN
1866L5°0 19G€°01 SLLGLT 196987~ TETI6S0 LT proe orourjud g
8LT6LED 120559 GELTE'T T1280L0-  TI8S98°‘C L2 proe ouding
L8PTIT90°0-  S6%E9G- TOIST T~ L8TT°CS TVE86 0 0S pIo. OIULIO
SPIVY
9683560 16L6°CT 6597 938917~ 12S€96°0 €T [ouedepe-1
¥0533 ¢~ 1269°87- 662005 COTT LT 0 i [ouedSpRXIH-T
FPPSITL0- VIVI'CI- 610667~ L19L°¢ L060¥%L°0 il [ouedsspeIa],-T
67GL6T 0 1€679'7 69€€LL0 €ESTTT- 905001 76 [oueddpo -1
1626L2°0 SPLIT'Y L20€0°T SGPIF9°0-  TEEHS9'T 6 [ouedapu)-T
GIZ6TIT0 91€65' T P1G8LY 0 TSOLT'T- 8080%0°F 892 [oued’J-T
A AN0] €ST6ET GT0£9°0 T9670°1- 18C681°C 69T [oueuoN-T
F1L607°0 SHYET'9 66950°C 6512 1- 1620%E°S 761 [ouej (-1
¥86721°0 GS670'F GL6STS0 206901~ GRE0TT' Y €62 fouejds-1
996£S1°0 16617 GGELOL0 955701~ ¥89¥0L'C 1§74 [Ouex9H-T
a D g v % / avyv syutod sureN

a8ed snoraaid woay panuIjuod — J[qe],

170



A.3 Full Legend of Fig.2.6
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Analysis of the difference between experimental values of the thermal conductivity
and values estimated from the Chapman-Enskog theory, (A**? — )\TCEJ{;) as a function
of reduced temperature T™ for 36 substances in dilute gas conditions (| s* |< 0.1).

A.4 Entropy Scaling of Water

Entropy scaling is not limited to a certain equation of state model used for calculat-
ing the residual entropy. Water is a demanding substance for all equations of state
based on a molecular model, such as PCP-SAFT. Therefore, we additionally apply
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Figure A.1: Logarithmic reduced thermal conductivity A* = A/ /\Zefcale of wa-
ter. The reduced entropy s* is calculated from the IAPWS model
for given conditions of temperature and pressure. The symbols
denote experimental data. The red line represents the correlation
function Eq. (2.14) in the manuscript.

entropy scaling to water using the highly accurate Span-Wagner equation of state
(IAPWS) [1] as implemented in CoolProp [2, 3].

Fig. A.1 gives the resulting entropy scaling diagram. It gets clear that water does
not obey entropy scaling particularly well, using our proposed expression for the
reference thermal conductivity. Deviations are pronounced for conditions around the
critical point (at around s* = —1.2). Also the low temperature and high pressure
data (most negative values of s*) does not show monovariable dependence on s*
for this choice of the reference thermal conductivity. Those deviations for very
high pressures at low temperatures can also be seen in Fig. A.2. Lastly, we realize
that the correlation function, Eq. (2.14), is not sufficiently flexible for water, as the
diagram also shows. However, Fig. A.1 suggests that the general principle of entropy
scaling is valid even for water, and with future refinements on the expression for the
reference thermal conductivity, one can hope to further develop the approach.

We find it interesting to note that the thermal conductivity of water decreases for
decreasing temperature in liquid phase, for temperatures above the density anomaly
from water (at 277.15 K).
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Figure A.2: Thermal conductivity of water versus temperature using )\;efcale
and TAPWS. Black symbols denote experimental data, red circles
the corresponding calculated values.

A.5 Entropy Scaling of Lennard-Jones Chains

We investigate entropy scaling of model fluids using the data for thermal conduc-
tivities of Lennard-Jones chains from molecular simulations presented by Galliero
and Boned 2009 [4]. We find that the data convincingly follows the principle of
entropy-scaling (Fig.A.3). We used PCP-SAFT to calculate the residual entropy
for the given values of temperature and pressure. Figure A.3 shows results for the
LJ-fluid (m = 1), for the LJ-dimer (m = 2), where the two LJ interaction sites
are a distance of o apart. Further, data of 4-mer and 8-mer chains are shown,
where the LJ interaction sites of a chain are not constrained with angle- or torsional
potentials [4, 5].
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B Supporting Information for Chapter 3:
Self-Diffusion Coefficients from Entropy Scaling
using the PCP-SAFT equation of state

This Supporting Information details (1) the pure component parameters of the PCP-
SAFT model for all considered substances, including the origin of experimental data.
Further, (2), we summarize the parameter rules described in section Robustness in
the manuscript and clarify them using a diagram. Moreover, (3), the parameters a-c
including the absolute average deviations for all considered substances are tabulated.
Additionally, (4), the results and parameters of the enhanced model for substances
with data at subcooled liquid conditions are given. Lastly, (5) we provide a similar
diagram as Figure 3.1 in the manuscript for all approaches for the reference self-
diffusion coefficient given in Table 3.1 in the manuscript.
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B.1.1 Criteria for predefining parameters

In the main text to this publication we argue it is useful to independently determine
some pure component parameters whenever there is severely limited experimental
data available for the component at hand. We here describe the criteria that deter-
mine whether a certain pure component parameter (a to ¢ of Eq. (3.3)) is considered
an adjustable parameters or is otherwise defined through an approximate relation.
We use criteria based on the reduced residual entropy as calculated from the PCP-
SAFT model, s*(T,p), for experimental conditions of temperature T" and pressure
p. We define s;,,;, and s;,,, as the minimal and the maximal value of residual en-
tropy given by experimental data of a considered substance. Using these values, the
total range of residual entropy that is covered by experimental data of a considered
substance is defined as As™ = s},40 — Smin- Additionally, we define the mid-value of
As™ as 5% = 0.5(Spin + Smaz)- The parameter rules are explained in the manuscript,

0
Benzene J .a";lA
1+ P
Ed ‘l'"‘
-~ e
Q A
Z -2- :
As*
-3
T T T T
-3.0 2.5 2.0 -1.5 -1.0 -0.5 0lo
. st L «
Smin S Smax

Figure B.1: Logarithmic reduced self-diffusion via residual entropy. Example
to clarify the defined ranges in s*.

so we will only summarize them here.

a=0.175 — 0.237Tm if spas < —lorAs*<04-5
b=0.1m if spin > —1
c=0.0 if As® <0.50r 85, > —2

B.2 Correlation Parameters (a-c) and Absolute Average
Deviations

Resulting parameters a-c for all considered substances, using D™ = D®F and
correlation Eq. (3.3). Further, the literature sources of the experimental data is
detailed for every substance. If data at subcooled liquid conditions is available
for a given substance, it was ignored here for parameter adjustment and average
calculations. Further below we give a table for substances with subcooled data.
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B.2.1 Substances with Data at subcooled liquid conditions

Resulting parameters a-d for all substances with data at subcooled liquid conditions
available, using D"/ = D“¥ and correlation Eq. (3.5).

Name points AAD / % a b d
substances with data in subcooled liquid phase
toluene 199 12.76085 -0.631865  0.273994  0.000003 3.20588
1,2-Diphenylbenzen 57 8.64850 -1.02116  0.758291 0.00004 4.30653
propylenecarbonate 39 15.92851 -0.616238*  0.337466 0.00014 3.03404
methylformamide 37 27.59869 -0.18135*  0.000001  0.037107  0.830585
methanol 168 13.67245 -0.311107  0.071712 0.00004 1.85105
1,2,3-Propantriol 99 10.97084 -1.50843 0 0.107731 1.01724
water 804 17.58077 -0.258783  0.021673  0.000007 2.70092

* Parameter A not adjusted, but taken from parameter rules.

B.3 Diagram for reference self-diffusion coefficients

Diagram for all references given in Table 3.1 in the manuscript, which were

not shown in Figure 3.1.
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Figure B.2: Logarithmic reduced self diffusion In(D®*?/D"¢f) over reduced
residual entropy s* with D"¢f € {D®, DK DP DB} for CO,.
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C Supporting Information for Chapter 4: Thermal
Conductivity via Entropy Scaling: An Approach
that Captures the Effect of Intramolecular
Degrees of Freedom

This Supporting Information details (1) the AADs for the investigated ap-
proaches, the quality of the underlying approach for D®, as well as the number
of available data for all investigated substances. Further, (2) parameters A-D
for the group of simple molecules using A“F are given, and (3) parameters
A-D for all considered substances using the new model \**"® are listed, and
(4) parameters A-D using the formerly published model A\*/* are provided
for all substances not considered in the Supporting Information of Hopp and
Gross 2017.
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C.1 Comparison of Averaged Absolute Deviations

Table C.1: Averaged absolute deviations (AAD) for the investigated approaches (/\CE and

)\ref'f’D), and the quality of the underlying approach for D*® as well as the amount
of available data for all substances with reduced internal degrees of freedom.

Self-diffusion D*®

Thermal conductivity A\

name points AAD/% | points AAD/%(A\°E) AAD/%(\efD)
substances with reduced internal degrees of freedom
Hydrogen 81 6.321 2378 6.878 8.382
Neon 79 3.226 686 1.221 1.221
Carbon monoxide 60 2.371 204 5.600 3.644
Nitrogen 57 1.389 2333 6.245 4.558
Oxygen 32 2.005 1393 5.043 4.255
Hydrogen chloride 37 13.685 53 4.115 3.969
Argon 214 7.862 4526 5.781 5.606
Krypton 208 8.021 320 4.455 4.403
Xenon 197 5.400 421 6.041 5.072
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C.2 Correlation Parameters (A-D) using \“F

Table C.3: Resulting parameters A-C for small molecules, using A\"f = \©F

and correlation eq. (8). Parameter D = 0 for all substances.

Name A B C
Hydrogen 0.23209 -0.32186  0.42259
Neon 0.72998 -0.61907 -0.23657
Carbon monoxide -0.11169 -0.99112  0.20000
Nitrogen -0.04265 -0.82004  0.56479
Oxygen 0.03040 -0.65868  0.80000
Hydrogen chloride -0.53094 -0.46931  2.53559
Argon 0.04324 -0.67168  0.80000
Krypton 0.01696 -0.67866  0.70000
Xenon 0.09167 -0.63999  0.90000

C.3 Correlation Parameters (A-D) using AP

Table C.4: Resulting parameters A-C for all considered substances, using
Aref = ArefD and correlation eq. (8). Parameter D = 0 for all

substances.

Name A B C
substances with reduced internal degrees of freedom
Hydrogen -0.0385647  -0.361742 0.364126
Neon 0.729981  -0.619072 -0.236569
Carbon monoxide -0.388307  -0.958583 0.48679
Nitrogen -0.334107  -0.843768 0.686544
Oxygen -0.273984  -0.717138 0.826418
Hydrogen chloride -0.735913  -0.543197 2.4507
Argon 0.0432413  -0.671675 0.815049
Krypton 0.0169564  -0.678659 0.707473
Xenon 0.0916715  -0.639993 0.859133
n-alkanes
Methane 0.0136239  -0.808409 0.134873
Ethane -0.410971  -0.684542 1.0939
Propane -0.308257 -0.73244 0.71376
n-Butane -0.284511  -0.826233 0.482184
n-Pentane -0.262682  -0.895853 0.328476
n-Hexane -0.468875 -1.05194 0.271688

Continued on next page
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Name A B C
n-Heptane -0.414816 -1.05972 0.274945
n-Octane -0.338099 -1.05783 0.372046
n-Nonane -0.342122 -1.1815 0.0978659
n-Decane -0.289395 -1.17631 0.13146
n-Undecane -0.367551 -1.23996 0.127574
n-Dodecane -0.242025 -1.14659 0.246314
n-Tridecane -0.210867  -0.967633 0.641818
n-Tetradecane 0.00535809 -1.07397 0.163684
n-Pentadecane -0.338484 -0.96308 0.838663
n-Hexadecane -0.183214  -0.948473 0.751468
n-Heptadecane 0 -1.02515 0.408964
n-Octadecane 0  -0.954305 0.62634
n-Nonadecane 0 -0.93796 0.68418
n-Eicosane 0 -1.00373 0.539784
n-Heneicosane 0 -0.829871 0.937068
n-Tricosane 0 -0.792383 1.08506
n-Tetracosane 0 -0.702336 1.32024
branched alkanes
2-Methylpentane 0 -1.1487 -0.435662
3-Methylpentane 0 -1.11201 -0.319699
2,3-Dimethylbutane 0 -0.7361 0.49319
2,2-Dimethylbutane -0.201804 -1.05418 0.0412796
2,2,3-Trimethylbutane 0 -0.991329 0.00728835
cyclic alkanes
Cyclopentane -0.467151 -1.0708 0.224043
Cyclohexane -0.368088 -1.2796 -0.29934
Methylcyclopentane 0  -0.904084 0.175254
Cycloheptane 0 -0.767833 0.574978
Methylcyclohexane -0.410295 -1.73487 -1.6089
Cyclooctane 0 -0.870873 0.331772
alkenes
Ethylene -0.444341  -0.970826 0.522175
Cyclopentene 0 -0.857725 0.310791
aromatics
Benzene -0.413808 -1.24472 -0.224109
Toluene 0.0935592 -0.92621 -0.183475
m-Xylene -0.354715 -1.36054 -0.735157
p-Xylene -0.100694 -1.47084 -1.31022
0-Xylene -0.356566 -1.35461 -0.747444
1,3,5-Trimethylbenzene 0 -0.970106 -0.00343622
1,3,5-Triisopropylbenzene 0 -0.0180583 2.52682

Continued on next page
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Name A B C
o-Terphenyl -0.212795  -0.839684 0.836726
ethers
Dimethyl ether -0.530215  -0.956802 0.492884
Diethyl ether -0.412114 -1.08453 0.125775
1,2-Dimethoxyethane 0 -0.986998 -0.00656905
esters
Methyl acetate -0.539855 -1.17226 0.139868
Ethyl acetate -0.469874 -1.30782 -0.200368
Butyl acetate -0.5226 -1.09229 0.376112
Hexyl acetate 0 -1.43885 -0.832925
ketones
Acetone -0.495796  -0.909893 0.562554
2-Pentanone 0 -1.58972 -1.5641
2-Hexanone -0.395547 -1.14552 0.046352
2-Heptanone 0 -1.20831 -0.541898
2-Octanone 0 -0.921778 0.170031
alkoholes
Methanol -0.577769  -0.444281 0.65699
Ethanol -0.629536 -0.392423 1.12456
1-Propanol -0.623286  -0.307419 1.54148
2-Propanol -0.775603 -0.0621844 2.22113
1,2-Ethanediol 0  -0.389889 0.936802
tert-Butanol -0.853675  -0.149604 2.01654
1-Butanol -0.703853  -0.383845 1.55549
1,3-Propanediol 0  -0.495968 0.601228
1,2-Propanediol 0 -0.446829 0.707382
2-Pentanol -0.18277  -0.743178 0.116134
1-Pentanol 0 -0.456113 0.704217
1,4-Butanediol 0 -0.5731 0.293121
1,3-Butanediol 0  -0.649379 0.06103
Glycerol 0  -0.244229 1.81303
1-Hexanol -0.616124  -0.534051 1.32983
1-Octanol -0.618861  -0.469871 1.71615
substances containing nitrogen
Ammonia -0.406549  -0.414155 1.71024
Methylamine -0.390111 -0.67105 0.569273
Acetonitrile -1.17399  -0.983277 1.20763
Dinitrogen monoxide -0.799749 -1.92352 -0.712021
Formamide 0  -0.541641 0.675736
Nitromethane -1.09895  -0.885087 1.33897
Pyridine -0.687692  -0.634098 1.5861

Continued on next page
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Name A B C
Aniline 0 -0.661675 -0.114741
Triethylamine -0.608185  -0.915426 0.854797
substances containing sulfur
Carbon disulfide -0.404886  -0.675285 1.16649
Dimethyl sulfoxide 0 -0.53047 1.00509
substances containing silicium
Hexamethyldisiloxane 0 -2.13617 -1.93543
Octamethyltrisiloxane 0 -1.66757 -0.720411
Octamethylcyclotetrasiloxane 0 -1.08334 0.713325
Decamethyltetrasiloxane 0 -1.43177  -0.0432925
Decamethylcyclopentasiloxane 0 -1.43947 0.164515
substances containing halogene
Dichloromethane -0.822704  -0.542931 1.94646
Fluorobenzene 0 -1.4612 -1.24927
1,2-Dichloroethane -0.628083  -0.699104 1.32618
Chlorobenzene 0.21289  -0.991176 -0.598055
Chloroform -0.614795  -0.504153 1.9554
Bromobenzene 0.143338  -0.965435 -0.225121
Todobenzene 0 -0.869472 0.165407
1,2-Dibromotetrafluoroethane -0.129939 -0.66311 0.985682
others
Water -0.590097  -0.212420 2.34572
Carbon dioxide -1.02373  -0.925011 1.53124
Tetrahydrofuran -0.446277  -0.725381 1.11212
Propylene carbonate 0 -0.751502 0.371064

Parameter A was set to zero if no data in gas phase was available.
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C.4 Correlation Parameters (A-D) using A"

Table C.5: Resulting parameters A-D for all considered substances except

small molecules, using A\"f = A0 and correlation eq. (8). Pa-
rameter D = 0 for all substances.

Name A B C
n-Dodecane 0.18665 -0.56835 1.20290
Cyclopentane -0.10034 -0.62298 1.17083
Cyclohexane 0.10628 -0.45107 1.37964
Methylcyclopentane 0 -0.53081 1.30301
Cycloheptane 0 -0.45591 1.51588
Methylcyclohexane 0.18938 -0.70452 0.61014
Cyclooctane 0 -0.40137 1.67433
Cyclopentene 0 -0.61227 1.12518
1,3,5-Trimethylbenzene 0 -0.50394 1.38095
1,2-Diphenylbenzen 0.34427 -0.39754 1.34106
Diethyl ether -0.02886 -0.65402 1.01314
1,2-Dimethoxyethane 0 -0.60166 1.06793
Ethyl acetate -0.07439 -0.60293 1.05213
2-Propanol -0.54005  0.09756 2.43825
1,2-Ethanediol 0 -0.37467 0.98748
2-Methylpropan-2-ol -0.52710  0.12445 2.34169
1,3-Propanediol 0 -0.43732 0.84274
1,2-Propanediol 0 -0.39551 0.89848
2-Pentanol 0.05494 -0.49356 0.47878
1,4-Butanediol 0 -0.52573 0.44630
1,3-Butanediol 0 -0.56790 0.37259
1,2,3-Propantriol 0 -0.20412 1.97516
Ammonia -0.20679 -0.30825 2.05821
Methylamine -0.12784 -0.44642 1.23780
Acetonitrile -0.94064 -0.67807 1.79279
Dinitrogen monoxide -0.71002 -1.17198 0.70512
Methanamid 0 -0.45104 1.09275
Nitromethane -0.79959 -0.67888 1.62863
Pyridine -0.18798 -0.38376  1.83946
Aniline 0 -0.37318 1.48068
Triethylamine 0.00422 -0.50180 1.44242
Water -0.39559 -0.13893 2.62775
Carbon dioxide -0.96390 -0.44418 2.39597
Tetrahydrofuran -0.31434 -0.53138 1.62466
Propylene carbonate 0 -0.62242 0.79043

Continued on next page
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Name A B C
Carbon disulfide -0.30030 -0.48576 1.82625
Dimethyl sulfoxide 0 -0.33187 1.62564
Hexamethyldisiloxane 0 -0.73376 1.25056
Octamethyltrisiloxane 0 -0.33793 2.15186
Octamethylcyclotetrasiloxane 0 -0.44101 2.10391
Decamethyltetrasiloxane 0 -0.29929 2.38454
Decamethylcyclopentasiloxane 0 -0.48809 2.22375
Dichloromethane -0.76397 -0.42276 2.27770
Fluorobenzene 0 -0.58639 1.12271
1,2-Dichloroethane -0.32339 -0.48484 1.66366
Chlorobenzene 0.51772 -0.55534 0.58294
Chloroform -0.62244 -0.31271 2.56795
Bromobenzene 0.40182 -0.53629 0.87805
Todobenzene 0 -0.42536 1.66110
1,2-Dibromotetrafluoroethane  -0.29923 -0.42716 1.92808

Parameter A was set to zero if no data in gas phase was available.
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D Supporting Information for Chapter 5: Thermal
Conductivity from Entropy Scaling: A
Group-Contribution Method

This supporting Information details...
1. the definition of AAD.

2. the resulting group-contribution parameters A, - C, for thermal con-
ductivities based on GC PCP-SAFT.

3. the full legend of Fig. 5.1 of the manuscript.
4. diagrams supplementing Fig. 5.3 of the manuscript.
5. the list of components shown in Fig. 5.6 of the manuscript.

6. results of the full GC method for substances containing two or more
functional groups.

7. the AADs for the individual approach using PCP-SAFT and the full
GC method using GC PCP-SAFT, as well as the number of available
data for all investigated substances.

8. the individual correlation parameters A-D for PCP-SAFT for all inves-
tigated components, for which no parameters were published yet,

9. as well as the according individual PCP-SAFT parameters.

10. group decomposition of all considered substances.

D.1 Definition of AAD

The averaged absolute deviations (AAD) is defined as

Naata
100 |)\i,calc - )\i,exp|
aaps = 2037 (

data )\i,exp

D.2 resulting gc parameters A, - C,
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functional group « A, B, Cy
n-alkanes
—CH, -0.022767 -0.271017  0.631023
—CH,— 0.023790 -0.000372 -0.000737
H;C—-CH, -0.171653 -0.395063  1.884401
CH, 0.083389  -0.525218  1.144751
branched alkanes
—CH< 0.073479  0.268006 -0.715219
>C< 0.137522  0.432011 -1.603643
cyclic alkanes
—CH, — (€,) -0.023861 -0.125883  0.233695
—CH< (C.) 1.569517  0.030302 -2.415547
—CH,— (Co) 0.021505 -0.098933 0.171388
—CH <(cy) 0.081725 -0.001426 -0.962725
alkenes
H,C= 0.118742  -0.212624 0.603502
-HC= -0.149712  -0.100910 -0.053894
>C= -0.040429 0.281085 -0.591450
aldehydes
—-CH=0 0.108913 -0.536623 -0.229006
aromatics
—CH— (aromatic) 0.020046  -0.083404 0.208123
> C— (aromatic) 0.152283  0.115018 -0.756362
esters
HCOO- 0.139924 -0.390715 0.141069
—CO0O- -0.047422 -0.094117 -0.217276
ethers*
-0—-CH; 0.013269  0.037753  0.077359
—-O—-CH,— -0.279392  -0.455717  0.458677
—O— -0.900976  0.253726  1.716688
ketones
>C=0 -0.209035  0.052247  0.226533
alcohols**

—OH 0.095944  0.227526  1.182451
CH;0H -0.558730 -0.434812  0.894255
others
—NH, 0.260570 -0.062493 0.661768
>NH 0.185228  0.238233  0.393120
CO, -0.577272  -0.515448 1.671248
H,0 -0.392458 -0.120720  2.717849
HC= CH -0.088542 -0.666847 -0.673819

*: for ethers, use -O—CHj group, if possible.
Otherwise use -O—CHy— group, if possible.
Otherwise use —O— group (for branched ethers).

e DOH = DCHSOH = 0.0038
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D.3 Full Legend of Fig. 5.1
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D.4 Additions to Fig. 5.3

As an addition to Fig. 5.3, we give here the diagrams for a rather small
molecule, Methane, as well. Furthermore, deviations over the range of reduced
residual entropy are given for the substances of Fig. 5.3 and Methane. The
high deviations in the gas phase result from the definition of deviation.

Figure D.1:

experiment *
x correlation —

Methane

-2.0 T T T T T T T T
0 100 200 300 400 500 600 700 800 90(

T/ K

Thermal conductivity of methane. Left diagrams show the loga-
rithmic reduced thermal conductivity In(\.) versus reduced resid-
ual entropy s*. Right diagrams give thermal conductivities
for varying temperature. Comparison of the proposed group-
contribution entropy scaling model (red line and red circles) to
experimental data (black crosses).
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Figure D.2: Deviations of calculated to experimental thermal conductivity of
methane, n-propane, 1-propanol and water.

D.5 Components of Fig. 5.6

Table D.1:

#  group number of number of AAD /% name

functional groups points
1 Cyclo 4 2 6.091 Bicyclopentyl
2 Cyclo 4 2 23.690 Bicyclohexyl
3 Cyclo 6 2 25.892  Dicyclohexylmethane
4 Cyclo 5 2 17.854  1,1-Dicyclohexylheptane
5 Aromatic 37 2 27.326  Biphenyl
6 Aromatic 26 2 12.489  Diphenylmethane
7 Aromatic 53 2 10.508  Ditolylmethane
8 Aromatic 24 2 11.925  Isopropylbiphenyl
9 Aromatic 37 2 11.981  Bis(isopropylphenyl)methane
10  Aromatic 28 3 11.753  o-Terphenyl
11  Aromatic 22 3 22.234  m-Terphenyl
12 Aromatic 12 3 28.730  p-Terphenyl
13 Ester 256 2 27.520  Diethylsuccinate
14  Ester 171 2 30.384  Dipropylsuccinate
15  Ester 73 2 21.035  Decanedioicaciddibutylester
16  Ester 159 2 15.690  Di-n-hexyladipate
17  Ester 201 2 24.320  Diisobutylsebacate
18  Ester 173 2 14.467  Di-n-heptyladipate

Continued on next page



Table — continued from previous page

#  group number of number of AAD /% name

functional groups points
19 Ester 4 2 4.920 Di(2-ethylhexyl)adipate
20 Ester 186 2 13.839  Hexanedioicaciddioctylester
21  Ester 180 2 15.150  Succinicaciddinonylester
22 Ether 185 2 30.990 Dimethoxymethane
23  Ether 165 2 30.870  1,2-Dimethoxyethane
24  Ether 7 2 23.761  1,2-Diethoxyethane
25  Ether 10 2 8.405 Dibutoxymethane
26  Ether 6 2 11.375  Ethyleneglycoldi-n-butylether
27  Ether 14 3 13.964  Diethyleneglycoldimethylether
28  Ether 43 3 15.787  Diethyleneglycoldiethylether
29  Ether 42 3 6.156  Diethyleneglycoldibutylether
30 Ether 5 4 28.516  Triethyleneglycoldimethylether
31 Ether 4 5 26.780  Tetraethyleneglycoldimethylether
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functional groups H Alcohol \ Aldehyde \ Alkene \ Aromatic \ Ester \ Cyclic ‘

Contains 1 18 |1 8 1 24 2 7
Nitrogen 68.79 17.83 20.79 16.70
Ketone 2 2311 62 25
n 49.10 27.01 | 24.83
6 160 3 286
Ether 9.53 62.88
5 549 |4 621
Ester 22.25 16.81
. 2 20 3 95
Cyelic 38.31 62.89
Aot 3 371 91 14
romatic 6.1 13.82 26.92
2 18 |1 5
Alkene 16.86 79.69

Table D.2: Average absolute deviations for substances containing two differ-
ent functional groups (AAD in %, as bottom values of cells), the
corresponding number of substances (top left) and number of ex-
perimental data points (top right).

D.6 Substances with different functional groups

Results for substances that contain two different functional groups are pre-
sented in Table D.2. The table reports averaged absolute deviations of pre-
dicted thermal conductivities from experimental values. Each cell in the ta-
ble represents a sub-group of substances that all have a certain combination
of functional groups. The table states averaged absolute deviations for a
sub-group (as the bottom-value of the cell), the number of considered sub-
stances (top left), and the number of available data points (top right). For
empty cells, no experimental data of thermal conductivity where found for
substances falling into this sub-group. For most of the considered substances
the model gives surprisingly good predictions, considering that substances
with multiple functional groups are a particularly demanding test case for
group-contribution approaches. Considering substances with different func-
tional groups, where any functional group can occur more than once (not
explicitly shown here), we saw that combinations from esters, alkenes and
aromatics (in addition to normal and branched alkane functional groups) lead
to good predictive results (18 substances, 1412 pts, AAD 15.65%).
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D.7 Averaged Absolute Deviations

Averaged absolute deviations of all considered substances, for the individual
approach with PCP-SAFT and the full GC approach with GC PCP-SAFT.
Components are sorted by chemical families. Here, an additional identifier
”SI-Symbol” is introduced, which is used in the table stating the group de-
composition at the end of the Supporting Information. s, calculated from

GC PCP-SAFT, resulting in arithmetic mean s};, = —0,491.
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D.8 Parameters (A-D) for individual Entropy-Scaling with

PCP-SAFT

Correlation parameters A-C for individual entropy scaling for all components,
for which no parameters were published yet. D is set to zero for all substances,
since its influence is neglectable in the individual approach.

Table D.4:
Name A B C
Alkenes
Isobutylene 0.07483  1.55986  4.42680
2,3-Dimethyl-1-butene 0.0 -0.64795  0.99169
2,3-Dimethyl-2-butene 0.0 -0.66721  0.94891
2-Heptene 0.0 -0.60426  1.27720
2-Methylbuta-1,3-diene -0.05766 -0.46053  1.56562
Cyclic Alkanes
Bicyclohexyl 0.0 -0.21067  2.26358
Ethylcyclohexane 0.07477 -0.58273  1.11457
Propylcyclohexane 0.26614 -0.52649 1.01660
cis-1,2-Dimethylcyclohexane 0.0 -0.61586 1.09147
cis-1,3-Dimethyl-cyclohexane 0.0 -0.49817  1.37660
trans-1,2-Dimethylcyclohexane 0.0 -0.48908  1.44026
trans-1,4-Dimethylcyclohexane 0.0 -0.49929 1.40414
Aromatics
Diphenylmethane 0.0 -0.36671 1.80936
1,2-Diethylbenzene 0.0 -0.55567  1.27650
m-Terphenyl 0.35096 -0.34288 1.50011
p-Terphenyl 0.36378 -0.54675  1.04831
Biphenyl 0.19102 -0.48255  1.30469
Esters
Di(2-ethylhexyl)adipate 0.0 -0.50860  2.41211
Ethylbutyrate 0.15395 -0.61105  1.04292
Methylformate -0.55994  -0.30040  2.39540
Decanedioicaciddibutylester 0.0 -0.47736 1.82906
Formicacidethylester -0.04841 -0.48800  1.33416
Formicacidpropylester 0.03880 -0.59708  0.98757
Heptylformate 0.0 -0.78237 -0.05382
Formicacidoctylester 0.51843 -0.56844 1.06385
Aceticacid3-methylbutylester 0.32853 -0.82454  0.14052
n-Butyloctadecanoate 0.0 -0.21795 2.37847
Methylpropanoate -0.31767 -0.20512 2.26115
Propanoicacidbutylester -0.14575 -0.36734  1.80521

Continued on next page
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Table — continued from previous page

Name A B C
Formicacidbutylester 0.08838 -0.48238  1.26000
Formicacidpentylester 0.10577 -0.62602  0.99201
Alcohols
2-Butanol -0.57052  -0.19717  1.79621
2-Octanol -0.25125  -0.33457  1.62121
3-Methyl-1-butanol -0.39999 -0.43079  1.30483
2-Methyl-1-butanol -0.45581 -0.34331 1.43463
2-Methyl-1-propanol 0.0 -0.46590  0.48784
1,5-Pentanediol 0.0 -0.87989 -0.29278
1,6-Hexanediol 0.0 -0.45765  1.03512
1,10-Decanediol 0.0 -0.32088 1.61150
Ethers
Diethyleneglycol-dimethyl-ether -0.15647 -0.70176 1.19390
Tetraethylene-glycol-dimethyl-ether 0.0 -0.32949  2.95300
1,2-Diethoxyethane 0.0 -0.58180  1.24999
Substances Containing Nitrogen
N,N-Diethylamine -0.01033 -0.33882  1.83741
Hexylamine 0.0 -0.30369  1.88478
1-Octanamine 0.0 -0.34512 1.93194
Dibutylamine 0.0 -0.43847  1.60757
Isopropylamine 0.0 -0.33714 1.49995
Hydrazine 0.0 -0.42140 -1.14552
1-Nitropropane 0.0 -0.52611 1.15864
Nitroethane 0.0 -0.72350  0.43799
2-Nitropropane 0.0 -0.70527  0.63157
Nitrobenzene 0.0 -0.67647  0.85533
m-Nitrotoluene 0.0 -0.55611 1.18943
Benzonitrile 0.0 -0.64666  0.81844
Propionitrile -0.72209 -0.85776  0.96149
Acrylonitrile 0.0 -0.96103  0.05925
Butanenitrile 0.0 -0.71644  0.61715
1,4-Dicyanobutane 0.0 -0.43635 1.47591
Methacrylonitrile 0.0 -0.58559  1.16137
mixed or multiple functional groups
Styrene 0.0 -0.47130  1.45773
Benzylalcohol 0.0 -0.36037  1.26410
2,2’-Diethanolamine(DEA) 0.0 -0.36881  1.20300
3-Methylphenol 0.0 -0.25866  1.65310
1,3-Cyclopentadiene 0.0 -0.73773  0.86798
1,3-Cyclohexadiene 0.0 -0.55739  1.23206

Continued on next page
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Table — continued from previous page

Name A B C
Cyclohexene 0.0 -0.56174  1.20478
1,4-Cyclohexadiene 0.0 -0.57565  1.17366
Cyclohexanol 0.0 -0.36784  0.93080
Cyclohexylamine 0.0 -0.92392 -3.21031
Phenol 0.0 -0.24971 1.55312
Dimethoxymethane 0.0 -0.70530  0.77078
2-Methoxyethanol 0.0 -0.02641  4.12898
2-Ethoxyethanol 0.0 -0.30698  1.71812
2-Butoxyethanol 0.0 -0.31303  1.68689
Bis(2-ethylhexyl)phthalate 0.0 -0.28142  1.96326
2-Hydroxyacetophenone 0.0 0.68198  9.51775
SalicylicAcidMethylEster 0.0 -0.20864  2.22601
DimethylTerephthalate 0.0 -0.39441 1.74184
PhthalicAcidDimethylEster 0.64855 -0.50552  0.69637
PhthalicAcidDipropylEster 0.73382 -0.57136  0.52599
Monoethanolamine 0.0 -0.07430 1.93077
Propylbenzoate 0.0 -0.43802  1.60054
Diethyleneglycol 0.0 -0.17036  1.80066
Triethyleneglycol 0.0 -0.21463  2.03870
Tetraethyleneglycol 0.0 -0.62460  0.82295
Benzoicacid 0.0 -0.42349  0.84263
MethacrylicAcidMethylEster 0.0 -0.72089  0.79990
PhthalicAcidDiethylEster 0.60034 -0.43004  0.87411
PhthalicAcidDibutylEster 0.88843 -0.52239  0.44660
Di-n-hexylphthalate 1.22863 -0.95217 -0.88821
BenzoicAcidMethylEster 0.0 -0.49896 1.32812
EthylBenzoate 0.0 -0.44218 1.54692
CarbonicAcidDimethylEster 0.0 -0.68107  0.88489
CarbonicAcidDiethylEster 0.0 -0.57309  1.17265
DiethyleneGlycolMonomethylEther 0.0 -0.28079 1.90593
DiethyleneGlycolEthylEther 0.0 -0.36247 1.68142
EthyleneGlycolMonohexylEther 0.0 -0.30912 2.08880
DiethyleneGlycolMonobutylEther 0.0 -0.25675 1.93055
AceticAnhydride 0.0 -0.54045  1.22262
N,N-Diethylethanolamine 0.0 -0.35543 1.84286
Triethanolamine 0.0 -0.28919 1.63469
Methyldiethanolamine(MDEA) 0.0 -0.24657  1.72045
Tripropyleneglycol 0.0 -1.98013 -4.21886
others
Ethyne -0.62228 -0.88697  0.70596

Continued on next page
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Table — continued from previous page

Name A B C
Diethylsuccinate 0.0 -0.32907  1.83649
Sulfur# 0.0 0.00011  3.32920
Phosphorus# 0.0 0.89489 11.24345
Tetrahydrothiophene 0.0 -0.56469 1.16793
1,4-Dioxane -0.16754 -0.46607  1.61009
Sulfolane 0.0 -0.71859  0.68120
N,N-Dimethylacetamide 0.0 -0.78081  0.49268
Diethylsulfide 0.0 -0.47011 1.53832
cis-Decahydronaphthalene 0.0 -0.34063 1.98674
trans-Decahydronaphthalene 0.0 -0.41576 1.94955
N,N-Dimethylformamide(DMF) -0.69680 -0.25376  2.45183
Tetramethoxysilane 0.0 -0.38773  2.03337
Tetraethoxysilane 0.0 -0.10868  2.63396
1-Methylnaphthalene 0.0 -0.40001 1.62722
Naphthalene 0.0 -0.48828 1.45158
2-Methylnaphthalene 0.0 -0.47613 1.49981
Furfural 0.30286  -0.13491 1.80407
Ozone 0.0 -0.27412  2.21961
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# X = \CE. A = 0.0: no data in gas phase;
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D.10 Group Decomposition

Substances, which are represented as single segment:

Methane: CH,

Ethane: H;C—CH,

Methanol: CH;0H

Ethyne: HC= CH

Water: H,O

Carbon Dioxide: CO,

Group compositions for all other considered substances are given in the fol-
lowing table. n! is the total number of groups. To fit all columns on one page,
we use the internal identifier ” SI-Symbols” here, which is defined in table D.3,
in section Averaged Absolute Deviations.
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Table D.6:
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Continued on next page



Table — continued from previous page
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