Verfahrenstechnik

Gimmy Alex Fernandez Ramirez

Molecular Simulation
of Transport Properties
of Polar Fluids

SHAKER






Molecular Simulation of Transport Properties
of Polar Fluids

von der Fakultdt Maschinenbau der Universiit Stuttgart zur
Erlangung der Wiirde eines Doktor-Ingenieurs (Dr.-Ing.)
genehmigte Abhandlung

vorgelegt von
Gimmy Alex Fernandez Ramirez

aus Los Angeles, Chile

Hauptberichter: Prof. Dr.-Ing. H. Hasse
Mitberichter: Prof. Dr. S. Lago

Tag der miindlichen Priifung: 11.05.2007

Institut fiir Technische Thermodynamik
und Thermische Verfahrenstechnik der
Universitat Stuttgart, 2007






Berichte aus der Verfahrenstechnik

Gimmy Alex Fernandez Ramirez

Molecular Simulation
of Transport Properties of Polar Fluids

D 93 (Diss. Universitét Stuttgart)

Shaker Verlag
Aachen 2007



i Ibibliothek
ici i d by the Deutsche Nationa
ibliographic information publ.lshe . e Deuts
'?I:';'ggl:ts‘;he Nationalbibliothek lists lhl§ publication in tlh% :)?ll:ttsr]c;h; R
Nationalbibliografie; detailed bibliographic data are available

http://dnb.d-nb.de.

Zugl.: Stuttgart, Univ., Diss., 2007

Gedruckt mit Unterstiitzung des Deutschen Akademischen Austauschdienstes

Copyright Shaker Verlag 2007 y
Allrights reserved. No part of this publication may be reproduced, stqred ina
retrieval system, ortransmitted, in any formorby any means, electronic,

mechanical, photocopying, recording orotherwise, without the prior permission
ofthe publishers.

Printedin Germany.

ISBN 978-3-8322-6462-8
ISSN 0945-1021

Shaker Verlag GmbH » P.0.BOX 101818 » D-52018 Aachen
Phone: 0049/2407/9596-0 » Telefax: 0049/2407/9596-9
Intemet:www.shaker.de * e-mail:info @shaker.de

-1



Acknowledgments

This work was completed during an important period of my life where many
things came together, it would not have been possible without the support of many
people.

First, I would like to thank the Deutscher Akademischer Austauschdienst DAAD
for the financial support and the opportunity to live in Germany and meet its people.

My grateful acknowledgment goes to my advisor Prof. Dr. Ing. Hans Hasse
for the trust since the very beginning and during this work, his continuous support,
supervision and good working atmosphere during my years at ITT. My grateful
acknowledgment also goes to Prof. Dr. Santiago Lago, who kindly accepted to take
part in the revision of this thesis.

I am grateful to Dr. Ing. Jadran Vrabec for the friendly support and many
interesting and occasionally passionate discussions which enriched this work. I would
also like to thank former colleagues at ITT: Dr. Ing. Thomas Griitzner, Dipl. Ing.
Thorsten Schnabel, and Dipl. Ing. Bernhard Eckl who help me with the correction
of the German summary.

At last but not the least, I want to thank my wife, Viviam, who was with me in
this enterprise all these years, my children Javiera, Karin, und Ignacio for reminding
me of the things that are really important in life.

Ludwigshafen July 5, 2007.



Summary

In the present thesis, a comprehensive study on transport properties of polar flu-
ids by molecular dynamies simulation using the Green-Kubo method is carried out.
This study includes self-diffusion coefficient, binary Maxwell-Stefan diffusion, shear
and bulk viscosity, and thermal conductivity of pure fluids and binary mixtures.

The molecular models used in the present work belong to the two-center Lennard-
Jones plus point quadrupole (2CLJQ) or two-center Lennard-Jones plus point dipole
(2CLJD) classes.

In the first part of the present work, predictions of transport properties of real
fluids are compared with experimental data. The predictions are based on molecular
models from the literature [250, 278, 279] that were adjusted to experimental vapor-
liquid equilibrium data only.

Self-diffusion coefficients for gaseous and liquid state points are determined in the
simulations with a statistical uncertainty of about 3 %. Predictions of self-diffusion
coefficients show good agreement with experimental data. For Ar, CHy, Kr, Ne,
and Xe, which were modeled with the non-polar one-center Lennard-Jones model,
the deviations are typically 5 % for gaseous state points, and 10 % for liquid state
points. For all other fluids and also for all others transport properties, only liquid
state points were investigated here, as for the transport properties of gases good
theories are available. For Fy, Ny, CO,, CS,, C;Hg, C;Hy, CoH,, and SFg, which
were modeled with 2CLJQ models, the mean deviations between experimental self-
diffusion coefficients and simulation data vary between 2 % and 28 %.

In mixtures, both self-diffusion and binary Maxwell-Stefan diffusion coefficients
were obtained by molecular simulation. However, for binary mixtures containing the
regarded components no experimental data for comparison with the simulations were
available in the literature, with the exception of the gas mixtures Ar+Kr, Ar+Xe,
Kr+Xe. These three mixtures, modeled with the non-polar one-center Lennard-
Jones model show deviations between experiment and simulation of about 10 %. In
these simulations, also self-diffusion coefficients in mixtures were generated. These
were used to test the equation of Darken [42] for predicting binary Maxwell-Stefan
diffusion coefficients from self-diffusion coefficients in mixtures. The comparison
shows a good agreement with experimental data.

The good agreement between predictions for self-diffusion coefficients of liquid
1'?72, .002, and C;Hg and experimental data stimulated work on predictions for the
hf’lmd mixtures Np+CO,, Np+CpHg, and CO,+C;Hs. The simulation results for
binary Maxwell-Stefan diffusion coefficients as well as the results for self-diffusion
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Summary

coefficients of these mixtures were used to test the equations of Caldwell and Babb
[18], Darken [42], and Vignes [273]. It is important to note here that the equation
of Darken [42] uses the self-diffusion coefficients in the mixture to predict Maxwell-
Stefan diffusion coefficients. On the other hand, the equations of Caldwell and Babb
[18] and Vignes [273] only use infinite dilution diffusion coefficients as input data to
predict Maxwell-Stefan diffusion coefficients in the mixture at finite mole fractions.
In agreement with the findings for gas mixtures, Darken's equation [42] yields the
best performance with an average deviation of 10 %. The equations of Caldwell and
Babb [18] and Vignes [273] fail to predict the shape of the composition dependence
of the Maxwell-Stefan diffusion coefficients.

Shear and bulk viscosity and thermal conductivity of pure and binary liquid mix-
tures were determined in the simulations with statistical uncertainties of about 10 %.
Predictions for shear viscosity and thermal conductivity were investigated for the
following pure liquids: Ar, CHy, Kr, and Xe and for the two liquid mixtures Ar+Kr
and Ar+CHy. They show excellent agreement with experimental data as discussed
in more detail below. In contrast, predictions for bulk viscosity of pure Ar, CHy,
Kr, and Xe show significant deviations from the experimental data. Likewise, pre-
dictions for bulk viscosity of the mixtures Ar+Kr and Ar+CHy show the same kind
of deviations. Given the good agreement between experiment and simulation for the
other transport properties, this discrepancy for the bulk viscosity could indicate in-
accurate experimental data. Predictions for shear viscosity and thermal conductivity
of pure Fy, Ny, Oz, COz, CoHg, CoHy, C,Fs, C3Hy, CaHs, and SFe, modeled with
2CLJQ models, and the refrigerants R11 (CFCls), R12 (CF2Cly), R22 (CHFCl),
R23 (CHF;), R41 (CH;F), R123 (CHCI,-CF3), R134a (CH,F-CF3), R142b (CH5F-
CF,Cl), R143a (CH,-CF3), R152a (CH,F-CF3), modeled with 2CLJD models, show
good agreement with correlations of experimental data. Average deviations between
predictions and correlations for shear viscosity of quadrupolar fluids range from 4 %
for C3Hg up to 27 % for CoFg. For thermal conductivity the deviations range from
7 % for Ny and CoHg up to 19 % for C;Fs. The global average deviations of the
predictions from the correlations of experimental data are 11 % and 12 % for ther-
mal conductivity and shear viscosity, respectively. For shear viscosity of dipolar
fluids, the deviations between predictions and correlations range from 7 % for R23
up to 25 % for R41. The predictions for thermal conductivity are slightly lower
than experimental data with deviations that range from 3 % for R22 up to 22 % for
R123. The global average deviations are 11 % and 14 % for thermal conductivity
and shear viscosity, respectively. It must be pointed out, that in the calculation
of shear viscosity at high density state points, the respective Green-Kubo integral
shows slow convergence. A simple method to overcome this problem was suggested
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in the present work. It is based on an extrapolation of the autocorrelation function
with an analytical function to infinity. This correction contributes up to 20 % to
the shear viscosity and improves the final results without additional computational
effort.

In the second part of the present work, a systematic study of the influence of
anisotropy and polarity on self-diffusion, shear viscosity, and thermal conductivity
was carried out. This systematic study is accomplished through the variation of
the model parameters in a dimensionless form, e.g. for the 2CLJQ model class, the
Lennard-Jones parameters € and o, the elongation L, and the quadrupolar momen-
tum @ can conveniently be grouped into two dimensionless parameters L* = L/¢
and @*? = Q?/(4meyec®). In this way only these have to be varied. This was done
in the limits were parameters of real fluids lie, i.e. quadrupole momenta in the range
0 < @ < 4, and elongations in the range 0 < L* < 0.8. Altogether 30 2CLIQ
model fluids were studied here. The procedure for the 2CLJD model class was com-
pletely analogous, i.e. dipolar momenta in the range 0 < p*? < 20 for spherical
fluids (L* = 0), dipolar momenta in the range 0 < u*? < 16 for little elongated
fluids (L* = 0.2), and dipolar momenta in the range 0 < u*? < 12 for elongations in
the range 0.4 < L* < 1.0 were studied, which makes altogether 38 2CLJD fluids.

In that study also temperature and density were treated in a dimensionless form,
i.e. T* = Tkg/e and p* = po®. The study was carried out along bubble lines and for
homogeneous liquid states. In order to achieve a meaningful comparison between
the transport properties, also other reduced forms of temperature Tp = T* /T and
density pr = p*/p}; were introduced, where T7, p; are the critical temperature and
density of the individual fluid, respectively.

For 2CLJQ fluids, four points that range from Tk = 0.6 to 0.9 with intervals of
ATg = 0.1 along the bubble line were considered. In addition to those four points,
another twelve points in the homogeneous liquid region were simulated. These
points were selected on isochors starting from each bubble point with temperature
increments of ATy = 0.1. In this way, also isothermal data were generated. In total,
480 state points were simulated and for each point self-diffusion coefficient, shear
viscosity, and thermal conductivity were calculated.

The results of this study for 2CLJQ model fluids show that self-diffusion coef-
ficient, shear viscosity and thermal conductivity coefficients depend predominantly
on density. The results for each transport property can be summarized as follows:

Self-diffusion coefficient: Tt decreases with increasing p* at constant L* and Q*
along the bubble line. In homogeneous liquid states, it increases linearly with in-

creasing Tp at constant p*, L*, and Q**. With respect to the molecular parameters,

it decreases with increasing L* at constant p*, Tr, and Q*2, and with increasing Q*2
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at constant p*, Ty, and L*.

Shear viscosity: It increases with increasing p* at constant L* and Q*? along
the bubble line. In homogeneous liquid states, it decreases with increasing Tj at
constant p*, L*, and Q2. With respect to the molecular parameters, it increases
with increasing L* at constant p*, Ty, and Q*2, and with increasing Q*? at constant
p*, Tg, and L*.

Thermal conductivity: It behaves similar to shear viscosity. It increases with
increasing p* at constant L* and @*? along the bubble line. The dependence on
Tr in homogeneous liquid states at constant p*, L*, and Q*? is very weak and
not significant with respect to the statistical uncertainty of the simulation data.
Regarding L* and Q*?, it increases with increasing L* at constant p*, Tk, and Q*2,
The effect of @** at constant p*, Tk, and L* is more difficult to discern because of
the statistical uncertainty of the simulations, but it seems to increase with increasing
an_

For 2CLJD fluids an analogous study was carried out, in this case just three
points that range from T = 0.6 to 0.9 with intervals of ATy = 0.15 along the bubble
line were considered. In addition to those three points, another nine points in the
homogeneous liquid region were simulated. These points were selected starting from
isochors starting from each bubble point with temperature increments of ATy =
0.15. In this way, also isothermal data was generated. In total, 456 state points were
simulated and for each point self-diffusion coefficient, shear viscosity, and thermal
conductivity were calculated.

The results of this analogous study for 2CLJD fluids show that self-diffusion co-
efficient, shear viscosity, and thermal conductivity depend predominantly on density
in the same way as for 2CLJQ fluids. However, in contrast to the quadrupolar inter-
action, the dipolar interaction shows a much more significant effect on the transport
properties. The results for each transport property can be summarized as follows:

Self-diffusion coefficient: It decreases with increasing p* at constant L* and p*
along the bubble line. In homogeneous liquid states, it increases linearly with in-
creasing T at constant p*, L*, and u*?. As expected, self-diffusion decreases with in-
creasing L* at constant p*, Tr, and p*2. Remarkably, self-diffusion seems to increase
with increasing ;*2 at constant p*, T, and L* at least for dipolar momenta wr=6,
The elongation affects the influence of the dipolar momentum on self-diffusion, the
more elongated the fluid, the smaller is the effect of 1*2 on self-diffusion. In particu-
lar, for very elongated fluids (L* = 0.8), no influence of the dipolar momentum was
observed.

Shear viscosity: It increases with increasing p* at constant L* and p*? along
the bubble line. In homogeneous liquid states, it decreases with increasing Tp at
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constant p*, L*, and u*2. In the same way as for quadrupolar fluids, shear viscosity
increases with increasing L* at constant p*, Tg, and p*?, and with increasing p*? at
constant p*, Tk, and L*. Elongation affects the influence of the dipolar momentum
in the same way as for self-diffusion. However, in contrast to self-diffusion, even for
very elongated fluids the effect of dipolar momentum is significant.

Thermal conductivity: It increases with increasing p* at constant L* and u*?
along the bubble line. Like for quadrupolar fluids, the dependence on Ty in ho-
mogeneous liquid states at constant p°, L*, and u? is not significant considering
the statistical uncertainty of the simulation data. Furthermore, it increases with
increasing L* at constant p*, T, and @*? as well as with increasing u*? at constant
p*, Tg, and L*.

The present data bring new detailed insight into the behavior of transport prop-
erties of polar fluids and can also be used to improve analytical theories to predict
transport properties as well as for the development of physically based equations of
state.



Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit der Vorhersage von Transporteigen-
schaften realer Fluide mit molekularen Methoden und mit der Untersuchung des Ein-
flusses von thermodynamischen Variablen (Temperatur und Dichte) sowie moleku-
laren Parametern auf die Transporteigenschaften. Diese Untersuchung wurde mit
Hilfe von molekulardynamischen Gleichgewichtssimulationen und dem Green-Kubo
Formalismus durchgefiihrt. Bei den untersuchten Transporteigenschaften handelt es
sich um den Selbstdiffusionskoeffizient, den bindren Maxwell-Stefan Diffusionskoef-
fizient, die Scher- und Volumenviskositit, sowie die Warmeleitfahigkeit reiner Fluide
und bindrer Mischungen.

Im ersten Teil der vorliegenden Arbeit werden Vorhersagen fiir reale Fluide
mit experimentellen Daten verglichen. Die Vorhersagen werden auf der Basis von
molekularen Modellen aus der Literatur durchgefiihrt, die ausschlieflich an ex-
perimentelle Phasengleichgewichte angepasst wurden. Bei der Entwicklung dieser
molekularen Modelle sind keinerlei Informationen iiber Transporteigenschaften einge-
flossen. Die verwendeten Modelle gehoren zu den Ein- oder Zwei-Zentren-Lennard-
Jones plus Quadrupol (2CLJQ) oder den Zwei-Zentren-Lennard-Jones plus Dipol
(2CLJD) Potentialen.

Selbstdiffusionskoeffizienten konnten durch die Simulation mit einer statistischen
Unsicherheit von etwa 3 % ermittelt werden. Vorhersagen auf der Basis von moleku-
laren Modellen die nur aus nicht polaren Ein-Zentren-Lennard-Jones Potentialen
bestehen, wurden fiir Ar, CHy4, Kr, Ne und Xe jeweils in Dampf- und Fliissigphase
gemacht. Diese Ergebnisse zeigen eine gute Ubereinstimmung mit experimentellen
Daten, wobei die durchschnittliche Abweichung etwa 5 % fiir gasformigen Zusténde
und 10 % fiir fliissige Zustéinde betrdgt. Fiir Selbstdiffusionskoeffizienten von Fj,
N3, CO3, C8,, CoHg, CoHy, CoH; und SFs, die mit 2CLJQ Potentialen modelliert
wurden, liegt die Abweichung zwischen experimentellen Daten bzw. Korrelationen
des Selbstdiffusionskoeffizienten und der molekularen Simulation im Bereich von 2
bis 28 %.

Bindre Transport- und Selbstdiffusionskoeffizienten lassen sich mit einer statis-
tischen Unsicherheit von 10 % bzw. 3 % bestimmen. Vorhersagen fiir gasformigen
Mischungen auf der Basis des nicht polaren Ein-Zentren-Lennard-Jones Modells wur-
den fiir die binéren Mischungen Ar+Kr, Ar+Xe und Kr-+Xe durchgefithrt. Der Ver-
gleich dieser Ergebnisse mit experimentellen Daten erfordert die Umrechnung von
Maxwell-Stefan Diffusionskoeffizienten in binére Diffusionskoeffizienten nach Fick.
Biniire Maxwell-Stefan Diffusionskoeffizienten und Ficksche Diffusionskoeffizienten
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Zusammenfassung

stehen durch den thermodynamischen Faktor A in Zusammenhang. Fiir die hier
untersuchteten Zustinde kann dieser Faktor, ohne die Genauigkeit in der Rechnung
wesentlich zu beeintrichtigen, zu Eins gesetzt werden. Die Abweichung zwischen den
Simulationsergebnissen und den experimentellen Daten betrégt ca. 10 %. Die Si-
mulationsdaten fiir binire Maxwell-Stefan und Selbstdiffusionskoeffizienten wurden
weiterhin verwendet, um das Modell von Darken [42] zu testen, das die Vorhersage
von bindren Maxwell-Stefan Diffusionskoeffizienten aus Selbstdiffusionskoeffizienten
in Mischungen erméglicht. Dieser Test zeigt eine gute Ubereinstimmung zwischen
den experimentellen Daten und dem Modell von Darken [42].

Die gute Ubereinstimmung zwischen experimentellen Daten und Vorhersagen
fiir fliissige Selbstdiffusionskoeffizienten der reinen Fluide N;, CO; und C,H; auf
der Basis des 2CLJQ Modells, motivierte die Untersuchung der Vorhersage binéren
fliissigen Mischungen Np+CQOz, No+CoHg und CO2+CoHg. Die Vorhersagen fiir
diese drei Mischungen konnten auf Grund fehlender Diffusionsdaten nicht mit Ex-
perimenten verglichen werden. Diese Simulationen erhaltenen Daten wurden da-
her verwendet, um die drei Gleichungen von Darken [42], Caldwell und Babb [18]
und Vignes [273] zur Vorhersage von bindren Maxwell-Stefan Diffusionskoeffizienten
zu bewerten. Hier ist anzumerken, dass die Gleichungen von Caldwell und Babb
[18] sowie von Vignes [273] nur Diffusionskoeffizienten in unendlicher Verdiinnung
benétigen, wihrend die Gleichung von Darken [42] Selbstdiffusionskoeffizienten fiir
die Zusammensetzungen der Mischung erfordert. Die beste Ubereinstimmung mit
einer durchschnittlichen Abweichung von ca. 10 % wurde mit der Gleichung von
Darken [42] erreicht. AuRerdem konnten die Gleichungen von Caldwell und Babb
[18] sowie Vignes [273] die Konzentrationsabhingigkeit des Diffusionskoeffizienten
nicht richtig vorhersagen.

Scher- und Volumenviskositéit sowie Wirmeleitfahigkeit fiir reine Fluide und
Mischungen auf der Basis von nicht polaren Einzentren Lennard-Jones Modellen
wurden in den Simulationen mit einer statistischen Unsicherheit von etwa 10 %
ermittelt. Vorhersagen fiir Scherviskositit und Wirmeleitfahigkeit der reinen fliis-
sigen Komponenten Ar, CH,, Kr und Xe und den bindren Mischungen Ar+Kr und
Ar+CHy zeigen eine gute ﬁbereinstimmung mit experimentellen Daten wie unter
néher diskutiert. Andererseits zeigen die Vorhersagen fiir die Volumenviskositiit
sowohl fiir die reinen Fluide Ar, CHy, Kr und Xe als auch fiir die bindren Mi-
schungen Ar+Kr und Ar+CH, groke Abweichungen zu den experimentellen Daten.
In allen Fillen sind die Vorhersagen systematisch zu niedrig. Die Abweichungen
zwischen Simulation und Experiment weisen auf Schwierigkeiten bei der Messung
dfar V.olun'xeuviskositﬁt hin. Vorhersagen fiir Scherviskositiit und Wirmeleitfahigkeit
fiir die reinen Komponenten F3, N2, O3, CO,, C,Hs, CoH,, C,Fs, CsHy, CsH, und
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SF; auf der Basis des 2CLJQ Potentials und fiir die Kéltemittel R11 (CFCl3), R12
(CF2Cl;), R22 (CHF,Cl), R23 (CHF;), R41 (CHsF), R123 (CHCI,-CF3), R134a
(CHpF-CF3), R142b (CH3F-CF>Cl), R143a (CH3-CF3) und R152a (CH2F-CF3) auf
der Basis des 2CLJD Potentials, zeigen eine gute Ubereinstimmung mit Korrela-
tionen experimenteller Daten. Die durchschnittlichen Abweichungen zwischen den
Vorhersagen und den Korrelationen betragen zwischen 4 % fiir C3Hg und 27 % fiir
CyFs. Fiir die Wirmeleitfihigkeit liegen diese zwischen 7 % fiir Ny und CoHg und
19 % fiir CoFg. Globale durchschnittliche Abweichungen iiber alle hier untersuchten
Fluide betragen 11 % und 12 % fiir Wirmeleitfahigkeit bzw. Scherviskositiit. Fiir
die Scherviskositét dipolarer Fluide liegen die Abweichungen zwischen den Korrela-
tionen experimenteller Daten und der Simulation zwischen 7 % fiir R23 und bis zu
25 % fiir R41. Andererseits zeigen hier die Vorhersagen fiir die Warmeleitfahigkeit
eine bessere Ubereinstimmung mit den Korrelationen experimenteller Daten. Die
Abweichungen fiir die Warmeleitfihigkeit variieren zwischen 3 % fiir R12 bzw. bis
zu 22 % fiir R123. Die globale Abweichung betrdgt 11 % fir die Warmeleitfahigkeit
und 14 % fiir die Scherviskositét.

Bei fliissigen Zusténden mit sehr hoher Dichte nahe dem Tripelpunkt kommt es
bei der Verwendung der Green-Kubo Gleichung fiir die Scherviskositit zu Konver-
genzproblemen. In dieser Arbeit wurde eine einfache Methode entwickelt, um dieses
Problem zu lésen. Diese Methode beruht auf einer Extrapolation der Korrelations-
funktion ins Unendliche durch eine einfache analytische Funktion. Die Korrektur
trégt bis zu 20 % zur ermittelten Scherviskositét bei und verbessert die Ergebnisse
ohne zusitzliche molekulardynamische Berechnungen.

Im zweiten Teil dieser Arbeit wurde eine systematische Untersuchung des Ein-
flusses der Polaritit und der Anisotropie auf den Selbstdiffusionskoeffizient, die
Scherviskositit und die Wirmeleitfahigkeit durchgefiihrt. In dieser Untersuchung
wurden die dimensionslosen Modellparameter variiert. So werden zum Beispiel fiir
das 2CLJQ Modell die Lennard-Jones Parameter € und o, die Elongation L und
das quadrupolare Moment @ zu zwei dimensionslosen Variablen L* = L/o und
Q" = Q*/4regea® zusammengefasst. Die Variation wurde in dem fiir reale Fluide
relevanten Bereich durchgefiihrt, d.h. fiir Quadrupole im Bereich 0 < Q*? < 4 und
fiir Elongationen im Bereich 0 < L* < 0.8. Insgesamt wurden so 30 2CLJQ Fluide
untersucht. Eine analoge Studie wurde auch fiir 2CLJD Fluide durchgefiihrt, wobei
das dipolare Moment im Bereich 0 < p*? < 20 fiir kugelférmige Fluide (L* = 0),
0 < u*? < 16 bei wenig elongierten Fluiden (L* = 0.2) und 0 < w1*? < 12 fiir grofere
Elongationen bis L* = 1. Insgesamt wurden 38 2CLJD Fluide untersucht.

Die Untersuchung wurde auf Zustinde auf der Siedelinie sowie auf homogene
fliissige Zustdnde fokussiert. Um die Transporteigenschaften miteinander sinnvoll
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vergleichen zu kénnen, wurde die reduzierte Temperatur Ty = T*/T eingesetzt,
wobei T die kritische Temperatur des jeweiliges Fluids ist.

Fiir 2CLJQ Fluide wurden vier Punkte bei verschiedenen Temperaturen (Tr =
0.6,0.7,0.8 und 0.9) auf der Siedelinie untersucht. Ausgehend von diesen vier
Punkten wurden weitere zwdlf Punkte im homogenen flussigen Zustandsgebiet si-
muliert, indem zu jedem Punkt auf der Siedelinie drei zusétzliche Punkte entlang
Isochoren mit einem Abstand von ATk = 0.1 simuliert wurden. Auf diese Weise
wurden auch isotherme Daten generiert, wobei insgesamt 480 Punkte simuliert wur-
den. Fiir jeden Punkt wurde der Selbstdiffusionskoeffizient, die Scherviskositit und
die Warmeleitfahigkeit ermittelt.

Alle Transporteigenschaften von 2CLJQ Fluiden héngen vor allem von der Dichte
ab. Die Ergebnisse konnen in folgender Weise zusammengefasst werden:

Selbstdiffusionskoeffizient: Dieser nimmt mit p* bei konstanten L* und Q** ent-
lang der Siedelinie ab. Im homogenen fliissigen Zustandsgebiet nimmt er linear mit
zunehmendem Ty bei konstanten p*, L* und Q*2 zu. In Bezug auf die molekularen
Parameter nimmt er mit zunehmendem L* bei konstanten p* und Ty ab. Ebenso
nimmt er mit zunehmendem Q*? bei konstanten p*, Tk und L* ab.

Scherviskositdt: Diese nimmt mit p* bei konstanten L* und Q*? entlang der
Siedelinie zu. Im homogenen fliissigen Zustandsgebiet nimmt sie mit zunehmendem
Tg bei konstanten p*, L* und @Q*? ab. In Bezug auf die molekularen Parameter
nimmt sie mit zunehmendem L* bei konstanten p*, T und Q*2 zu, genauso mit
zunehmendem @2 bei konstanten p*, Tx und L*.

Wirmeleitfihigkeit: Diese verhalt sich hnlich wie die Scherviskositéit. Sie nimmt
mit p* bei konstanten L* und Q*? entlang der Siedelinie zu. Die Abhéngigkeit von
T im homogenen Zustandsgebiet ist sehr schwach und auf Grund der statistischen
Unsicherheit der Simulationen nicht quantifizierbar. In Bezug auf die molekularen
Parameter nimmt sie mit zunehmendem L* bei konstanten p*, Tr und Q*? zu. Die
Abhéngigkeit von @*? ist wegen der Simulationsunsicherheit schwer zu erkennen.
Sie scheint mit zunehmendem Q*2 bei konstanten p*, Tg und L* zunehmen.

Fiir 2CLJD Fluide wurden Simulationen in gleicher Weise wie fiir das 2CLJQ
Fluide durchgefiihrt. In diesem Fall wurden drei Punkte bei reduzierten Tempera-
turen T = 0.6,0.75 und 0.9 auf der Siedelinie simuliert. Zusitzlich wurden weitere
neun Punkte im homogenen Zustandsgebiet simuliert, die aus den drei Punkten ent-
lang von Isochoren mit einem Abstand von jeweils ATp = 0.15 generiert wurden,
so dass auch isotherme Daten vorliegen. Insgesamt wurden 456 Punkte simuliert
und fiir jeden Punkt den Selbstdiffusionskoeffizienten, die Scherviskositiit und die
Wirmeleitfahigkeit ermittelt.

In Ubereinstimmung mit den Ergebnissen fiir 2CLJQ Fluide zeigen die Ergeb-
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nisse fiir die 2CLJD Fluide einen dominierenden EinfluR der Dichte. Die Ergebnisse
konnen in folgender Weise zusammengefasst werden:

Selbstdiffusionskoeffizient: Dieser nimmt mit p* bei konstanten L* und p*? ent-
lang der Siedelinie ab. Im homogenen fliissigen Zustandsgebiet nimmt er linear mit
zunehmendem Tx bei konstanten p*, L* und u*?* zu. Wie erwartet, nimmt er mit
zunehmendem L* bei konstanten p*, Ty und u*? ab. Bemerkenswerterweise nimmt
er mit zunehmendem p* bei konstanten p*, T und L* zu, zumindest fiir dipolare
Moment p*? > 6. Die Elongation beeinflusst die Wirkung des dipolaren Moments
auf den Selbstdiffusionkoeffizienten: je elongierter das Fluid ist, desto schwécher
wird der Einfluss des dipolaren Moments.

Scherviskositit: Diese nimmt mit p* bei konstanten L* und p*? entlang der
Siedelinie zu. Im homogenen fliissigen Zustandsgebiet nimmt sie mit zunehmendem
T bei konstanten p*, L* und p*? ab. Genau wie fiir quadrupolare Fluide nimmt n*
mit zunehmendem L* bei konstanten p*, T und p*? zu. Bei konstanten p*, Tr und
L* nimmt die Scherviskositét mit zunehmendem p*? zu, wobei auch hier genau wie
bei D* die Elongation die Wirkung des dipolaren Moments auf n* beeinflusst.

Wirmeleitfahigkeit: Diese nimmt mit p* bei konstanten L* und u*? entlang der
Siedelinie zu. In Ubereinstimmung mit den Ergebnissen fiir 2CLJQ Fluide ist die
Abhingigkeit von der Ty im homogenen Zusténsgebiet sehr schwach und wegen der
statistischen Unsicherheit der Simulationsergebnisse nicht erkennbar. In Bezug auf
die molekularen Parameter nimmt sie mit zunehmendem L* bei konstanten p*, Tr
und p*? zu. Genau wie fii quadrupolare Fluide, ist die Abhéngigkeit von 1*? wegen
der statistischen Unsicherheit schwer zu erkennen. Sie scheint bei konstanten p*, Tp
und L* mit zunehmendem p*? zunehmen.

Die vorliegenden Ergebnisse geben einen Einblick in das Verhalten der Trans-
porteigenschaften polarer Fluide und kénnen zur Verbesserung analytischer Theo-
rien zur Vorhersage von Transporteigenschaften angewendet werden sowie fiir die
Entwicklung von physikalischen basierten Zustandsgleichungen.



Nomenclature

Latin
Ck cos Bk
Sk sin Bk
D, self-diffusion coefficient of species i

Dss binary Fick diffusion coefficient

Dy binary Maxwell-Stefan diffusion coefficient .
i Darken’s estimate of the binary Maxwell-Stefan diffusion coefficient
D3 binary diffusion coefficient at infinite dilution

/5 reduced self-diffusion coefficient

E energy

hk partial molar enthalpy of species k

JY Ty stress tensor element

J: component z of the heat flow vector element

kg Boltzmann's constant

L elongation

L* reduced elongation

M molar mass

m; molecular mass of species %

mé molecular mass of particle i of species k

N number of particles

N; number of molecules of species i

P pressure

Q quadrupolar momentum

Q2 squared reduced quadrupolar momentum

Q, inertial parameter of the Nosé-Hoover thermostat
T intermolecular distance

s cut-off radius

Tur distance between LJ site a and LJ site b

T':f: component z of the distance vector between LJ site i and LJ site j
5 distance between LI site a and LI site b of species k or 1
t time

T temperature

J 454 reduced critical temperature

s reduced temperature

u pair potential

12CLT

i pair potential between two two-center Lennard-Jones molecules i and j
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Nomenclature

Mue s <3S g

pair potential between two ideal point quadrupoles
pair potential between two ideal point dipoles
velocity

velocity of particle i of species k

vector velocity of particle i of species k
volume

cartesian coordinate

mole fraction of species i

cartesian coordinate

cartesian coordinate

fictitious feld

Greek

T MEE
o

component

component

integration time step

Lennard-Jones energy parameter

Lennard-Jones energy parameter between species 1 only
Lennard-Jones energy parameter between species 2 only
Lennard-Jones energy parameter between species 1 and 2
permittivity of the vacuum

shear viscosity

reduced shear viscosity

bulk viscosity

angle between the axis of molecule i and the center-center
connection line in the dipole-dipole interaction
normalized autocorrelation function for shear viscosity
normalized autocorrelation function for bulk viscosity
normalized autocorrelation function for thermal conductivity
thermal conductivity

reduced thermal conductivity

thermodynamic factor

chemical potential of species i

dipolar momentum

squared reduced dipolar momentum

adjustable binary interaction parameter

density



Nomenclature

Pe

011
T2
012
3(1)
bij

reduced number density

critical density

Lennard-Jones size parameter

Lennard-Jones size parameter between species 1 only
Lennard-Jones size parameter between species 2 only
Lennard-Jones size parammeter between species 1 and 2
general notation of autocorrelation function

azimutal angle between the axis of molecules ¢ and j
general notation of transport property

Vectorial and Tensorial Quantities

torque vector on particle ¢ due to interaction with particle j
unitary tensor of second order

thermodynamic flux vector

stress tensor

heat flow vector

distance vector

velocity vector of particle i

velocity vector of particle i of species j

velocity vector of the center of mass

angular velocity vector of particle i

xiv
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Chapter 1

Introduction

1.1 General Remarks

Transport phenomena are a manifestation of the non-equilibrium nature of the world
around us. Transport occurs because of the natural tendency of all systems to reach
equilibrium. In this process all gradients in a system tend to disappear, i.e. heat
flows from high to low temperature regions, mass of a component i diffuses from
high to low concentration regions, or momentum flows from high to low velocity
regions.

Transport properties play a fundamental role in many fields of science and en-
gineering. In process engineering, they have to be accounted for the mathematical
modeling of the unit operations. They often determine the equipment design, its
performance and safety, and the economy. Therefore, the knowledge of transport
properties is fundamental for the design and optimization of processes. Some ex-
amples are, for instance, the design of chemical reactors, in particular those where
chemical reactions take place in more than one phase, or separation equipment.
Errors in the values of the transport properties used in the design can propagate
throughout the design of the entire plant and negatively affect the capital and op-
eration cost.

The main source of information on transport properties are experiments. How-
ever, it is clear that the industry’s needs can not be met by experiments alone,
so that methods to calculate transport properties are necessary. The most suit-
able substitute for the direct measurement would be a rigorous statistical mechanic
theory that would allow predicting transport properties from ab-initio calculations.
Unfortunately, up to now, there is no tractable way to come near this and predict
transport properties in such a general form. Current theories are typically limited to
a narrow range of densities or serve only as initial point for correlating experimental
data. Many of the current methods for predicting transport properties are based on
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the theory of corresponding states [255, 256], free volume theory [159, 198, 217], or
Enskog theory [47, 48]. A compilation of methods is given by Poling et al. [213].

With the availability of fast computers, molecular simulation is offering an al-
ternative way to supply transport properties. The reliability of the predictions from
molecular simulation depends directly on the ability of the molecular model to re-
produce the interactions among the real molecules. The application of molecular
simulation is not restricted to simulation of bulk properties at or near ambient con-
ditions, much more interesting is the estimation of thermodynamic properties under
extreme conditions of pressure [15, 137, 189], temperature [15, 24, 34, 64, 82| or
where direct measurements are technically difficult or impracticable, as for example
under metastable conditions [126, 168], inside of pores [164, 215|, due to toxicity
[151, 216], or simply when experiments are too expensive.

1.2 Scope and contribution of this work

The topic of this thesis is the study and prediction of transport properties by mole-
cular simulation. The principal goals of this work are firstly, to assess the adequacy
of molecular models that were adjusted to experimental vapor-liquid equilibria only
to predict transport properties of fluids; and secondly, to systematically investigate
the effect of molecular parameters on the transport properties of liquids.

In this work, transport properties are calculated by equilibrium molecular dy-
namics and the Green-Kubo method [88, 89, 133, 134]). Predictions for real fluids
are made on the basis of molecular models from the literature that were adjusted
to experimental vapor-liquid equilibria only [250, 278, 279]. These models belong
to the two-center Lennard-Jones plus point quadrupole (2CLJQ) or dipole (2CLJID)
class. They consist of two Lennard-Jones centers separated by a distance L and one
embedded ideal point quadrupole @ or point dipole 4 in its geometrical center. In
the limit of zero elongation and polarity, the models reduce to one Lennard-Jones
center. With these models, predictions for self-diffusion, binary Maxwell-Stefan dif-
fusion coefficients, shear and bulk viscosity and thermal conductivity were made.
These were compared with experimental data and correlations thereof, giving im-
portant information about their predictive power for future practical applications.

The direct access to self-diffusion coefficients and Maxwell-Stefan diffusion co-
efficients was also used to investigate a number of empirical equations to predict
binary Maxwell-Stefan coefficients. This novel approach has brought insight in the
performance and applicability of such correlations.

An important part of this work is focused on a systematic study of the 2CLJQ
and 2CLJD model fluids. They are treated in terms of reduced molecular and
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thermodynamic properties allowing a general characterization of the influence of
the different molecular features. Previously, no comprehensive information on the
transport properties of the 2CLJQ or 2CLJD models was available. The present
work fills this gap, by supplying a extensive set of data for self-diffusion, shear
viscosity, and thermal conductivity coefficients for these models. The influence of
the elongation L, quadrupolar @, and dipolar momentum g on these transport
properties is investigated in detail, bringing new insight into the dependence of
these transport properties on polarity and anisotropy. This comprehensive data set
paves the way for future improvement of current theories, and for developing new
theories as well as for the development of physically based equations of state.

This work is organized as follows: Chapter 2 describes the current methods for
predicting transport properties from molecular dynamics simulation. These meth-
ods are classified and compared. In Chapters 3 and 4 results from the prediction
of transport properties for real fluids that can be described with the one-center
Lennard-Jones potential and the 2CLJQ potential are presented. Predictions for
self-diffusion and Maxwell-Stefan diffusion coefficients are compared with experi-
mental data. Furthermore, the performance of three empirical equations for model-
ing the Maxwell-Stefan diffusion coefficients are assessed. In Chapter 4, results for
shear and bulk viscosity, and thermal conductivity of pure fluids and mixtures for
real fluids modeled with one-center LJ, 2CLJQ and 2CLJD potentials are compared
with experimental data and correlations.

Finally, Chapter 5 presents the results of the comprehensive study on self-
diffusion, shear viscosity, and thermal conductivity coefficients of 2CLJQ and 2CLJD
model fluids. This study is focused on states along the bubble line and on homo-
geneous liquid states. A detailed investigation of the effect of temperature, density,
anisotropy, i.e. elongation, and polarity, i.e. quadrupolar or dipolar momentum was
carried out.

Chapters 3 to 5 are organized independently so that they can be read alone.



Chapter 2

Theoretical background

2.1 Molecular models

Throughout the present work two-center Lennard-Jones (2CLJ) plus point quadru-
pole (2CLJQ) or dipole (2CLJD) molecular models are used. Parameters for these
models are available in the literature that allow an accurate description of vapor-
liquid equilibria (VLE) [250, 278, 279]. These were used here without any changes,
so that all results from the present work for the transport properties of real fluids
in Chapters 2 to 4 are predictions from vapor-liquid equilibria only. Furthermore,
these models are used in Chapter 5 for a systematic study.

Both 2CLJQ and 2CLJD models are pairwise additive potential models consist-
ing of two Lennard-Jones sites a distance L apart plus a point quadrupole or dipole
located in the geometric center of the molecule. The quadrupole and dipole, respec-
tively, are oriented along the molecular axis which connects the two LJ sites. The
interaction energy for the 2CLJ potencial of two molecules i and j is given by

ugr ™ (rap) = ii45@j [(%)12 = (ﬁ)s] 5 21)

a=1 b=1 Tab

Here, 7y, is the distance between LJ site a and LJ site b; a counts the two sites
of molecule i, b counts those of molecule j. The LJ parameters oi; and €;; represent

the size and energy parameters of the LJ potential, respectively. The quadrupolar
contribution is given by [87]

1 3Q?
411'60 4 T.?_,,-

[1-5(c+c?) - 15¢f¢] + 2 (sisic — 4eici)’] (2.2)
and the dipolar contribution is given by [87]

’L!.Q(Tij; 9!': 9j1 ¢"ij1 Q) 5

Kl
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2
up(7ij, B, 05, Qi ) = %ﬁ)f—%@— cic;), (2.3)
where ¢ = cosfl, sp = sinfy, ¢ = cosdy;, and ry; is the center-center distance of
the two molecules ¢ and j. 6; is the angle between the axis of the molecule i and
the center-center connection line, and ¢;; is the azimutal angle between the axis of
molecules i and j. Finally, € is the permittivity of the vacuum.

Pure substance parameters o, €, L, and @ for quadrupolar fluids were taken from
[278] and are summarized in Table 2.1.

Table 2.1: Potential model parameters for the quadrupolar pure fluids used in this
work [278].

Fluid CASRN o e/ks L Q M

A 1/K A 10°C m?> g/mol
Ne 7440-01-9 | 2.8010 33.921 0 0 20.180
Ar 7440-37-1 | 3.3952 116.79 0 0 39.948
Kr 7439-90-9 | 3.6274 162.58 0 0 83.8
Xe 7440-63-3 | 3.9011 227.55 0 0 131.29

CHy 74-82-8 | 3.7281 148.55 0 0 16.043
Fs T782-41-4 | 2.8258 52.147 1.4129 2.9754 38.00
N, 7727-37-9 | 3.3211  34.897 1.0464 4.8024 28.01
CO, 124-38-9 | 2.9847 133.22 24176 12.6549 44.01
CS, 75-15-0 | 3.6140 257.68 2.6809 13.0081 76.14
C;Hs 74-84-0 | 3.4896 136.99 2.3762 2.7609 30.07
CoHy 74-85-1 | 3.7607 76.950 1.2695 14.4468 28.05
C.H, 74-86-2 | 3.5742 79.890 1.2998 16.9218 26.04
SFs 2551-62-4 | 3.9615 118.98 2.6375 26.7074 146.06

The parameters in Table 2.1 were adjusted to experimental vapor pressure and
saturated liquid density data of the pure substances. For symmetric diatomic
molecules like fluorine (F,) and nitrogen (N3), symmetric triatomic molecules like
carbon dioxide (CO,) and carbon disulfide (CSs), as well as C, derivates as ethane
(C,Hs) and ethylene (C,H,) the description of the interaction by the 2CLJQ po-

tential represents a good approximation. Note that the SFg molecule is neither

elongated nor quadrupolar, so that the parameters of the 2CLJQ model have only
little physical meaning. In the limiting case [ = 0 without polarity, the polar
2CLJQ models reduce to one-center Lennard-Jones models. In this work five pure
fluids and three mixtures are modeled with this potential.

5
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Pure substance parameters o, €, L, and p for dipolar fluids were taken from
[250] and are summarized in Table 2.2. They were adjusted in [250] exclusively to
experimental pure substance vapor-liquid equilibrium data.

Table 2.2: Potential model parameters for the dipolar pure fluids used in this work
[250].

Fluid CAS RN o €/kg L n M
A 1/K A D g/mol
R11 (CFCl3) 75-69-4 | 4.0213 224.15 3.3377 2.7009 137.37
R12 (CF.Clp) 75-71-8 | 3.8286 185.66 3.2700 2.3219 120.91
R22 (CHF,CI) 75-45-6 | 3.4682 177.43 3.1203 2.2667 86.468
R23 (CHF3) 75-46-7 | 3.2643 123.56 2.5670 2.1607 70.014
R41 (CHsF) 593-53-3 | 3.0382 137.64 24530 1.8850 34.033

R123 (CHCI,-CF3) 306-83-2 | 4.0530 221.75 4.0530 3.7002 152.93
R134a (CH,F-CF;) 811-97-2 | 3.6138 175.12 3.6138 3.0214 102.03
R142b (CHsF-CF,Cl)  75-68-3 ( 3.8404 193.68 3.4675 2.9610 100.5

R143a (CH;3-CF3) 420-46-2 | 3.5960 165.04 3.5395 2.7470 84.041
R152a (CH,F-CFj) 75-37-6 | 3.56168 182.01 3.3125 2.7354 66.051

In the modeling of mixtures assuming pairwise additivity, the like interactions
are fully described by the pure substance parameters. The same holds for the unlike
quadrupelar or dipolar interaction, which are exactly determined by electrostatics,
cf. Eq. (2.2). On the other hand, the parameters of the unlike Lennard-Jones in-
teractions have to be estimated. They were obtained in the present work from the
pure fluid parameters by the modified Lorentz-Berthelot combination rule

(o + 09)
g = '_—2 ) (2‘4)
and
€12 =§ - fenen, (2.5)

where £ is a binary interaction parameter that was adjusted to one experimental
bubble point of the binary mixture. It has been shown in previous work of other
authors for numerous systems [277, 279] that binary and ternary vapor-liquid equi-
libria can be described accurately in this way. The parameters used in this work
were taken from [279), their values are given in Table 2.3,
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Table 2.3: Binary interaction parameters [279] for three mixtures.

Mixture £

N3+CO, 1.041
N2+C2Hﬁ 0.974
C02 szHﬁ 0954

2.2 Methods for calculating transport coefficients

In this section, an overview of the standard methods for calculating transport prop-
erties by molecular simulation is given. The available methods can be classified in
nonequilibrium molecular dynamics (NEMD) and equilibrium molecular dynamics
methods (EMD). The overview begins with the NEMD methods; these methods rep-
resent a vast field of current research and there are many good reviews which give
account of its progress in the last twenty years [38, 58, 62, 225]. A detailed descrip-
tion of these methods is out of the scope of this work, nevertheless a brief description
is given here. It is focused on the main characteristics of the NEMD methods, and
differences between NEMD and EMD approaches, their advantages and drawbacks.
It is intended as starting point for introducing the EMD methods, in particular
the Green-Kubo method [88, 89, 133, 134] and furthermore for a comparison. The
Green-Kubo method is used throughout this work to calculate transport properties
from molecular simulation. In the present section the Green-Kubo equations for the
self-diffusion and the binary Maxwell-Stefan diffusion coefficients as well as shear
and bulk viscosity and thermal conductivity coefficients are given in full detail.

2.2.1 Nonequilibrium molecular dynamics methods

Nonequilibrium molecular dynamics methods can be subclassified in synthetic and
boundary driven nonequilibrium methods. The synthetic nonequilibrium methods
(S-NEMD) are characterized by the introduction of a fictitious field X into the
equations of motion that drives a thermodynamic flux J. For instance, a momentum
flux in planar Couette flow or a heat current for thermal conductivity [62]. In
addition, this method requires the use of special boundary conditions, like the Lees-
Edwards sliding brick boundary conditions [138] for the calculation of shear viscosity,
in order to ensure that the simulation sample remains homogeneous [5]. A second
requirement is that the transport property of interest 7, can be obtained from the

following constitutive equation
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v =l 29

There are many S-NEMD methods to simulate shear viscosity [25, 26, 58, 62,
85, 136, 241], thermal conductivity [57, 59, 60, 84|, and binary transport diffusion
coefficients [163], more details about these methods can be found in the original
works, or in the reviews by Evans and Morriss [58], Cummings and Evans [38], and
Sarman et al. [225].

The second subclass are the boundary driven molecular dynamics methods (BD-
NEMD). These methods are characterized by a very intuitive conception that mimics
a real system. Here, a gradient is imposed through the boundaries of the simulation
sample, by construction of suitable reservoirs on opposite sides of the simulation
zone. Once the steady state flux is achieved and through knowledge of the gradient
between the reservoirs, the transport coefficients can be evaluated directly using
the proper equations given by irreversible thermodynamics. This method has been
successfully applied to study: diffusion in fluid systems [257, 258], membranes |79,
80, 160, 161, 162, 197, 214}, nanotubes [72, 73, 290}, polymers [75, 119], zeolites [3,
110, 200]; rheological properties of polymers [286], silicon surfaces [287, 288]; thermal
conductivity in carbon nanotubes [14, 167, 193, 205] and fluids [201, 210, 236, 237].
A recent variant of this method is the so called reverse nonequilibrium molecular
dynamics [194, 289]. In that method a heat flux, and not a gradient in temperature,
is imposed on the system by suitable exchange of velocities of particles from different
regions. It generates a gradient of temperature which is used to calculate the thermal
conductivity. A detailed discussion on advantages and disadvantages of this method
is given in [194].

2.2.2 Equilibrium molecular dynamics and Green-Kubo for-
malism

Transport coefficients are associated to irreversible processes, however, it is possible
to describe irreversible processes in terms of reversible microscopic fluctuations,
through the fluctuation dissipation theory [135]. In that theory, it is shown that
transport coefficients can be calculated as integrals of time-correlation functions of
appropriate fluxes, i.e. mass flux for diffusion, momentum flux for shear viscosity,
and heat flux for thermal conductivity [89, 133]. An alternative way is to measure
the accumulated displacement of the fluxes over time, called the Einstein relations.
which basically are the integrated form of the Green-Kubo equations. There &ri;

different ‘methods for relating transport coefficients to time-correlation functions; a
good review can be found in [292).
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Diffusion coefficients

Diffusion coefficients can be calculated by equilibrium molecular dynamics through
the Green-Kubo formalism [89, 133]. In this formalism, diffusion coefficients are re-
lated to integrals of velocity-autocorrelation functions. The self-diffusion coefficient
D; of a component i either as a pure fluid or in a mixture is characterized by the
velocity of a single target molecule [91, 115, 170, 266]. Its expression is given by

D=3y [ Tt (kzi;vf(m vh®), (2.7)

where v¥(t) expresses the velocity vector of molecule k of species i and the notation
< ... > denotes the ensemble average. Eq. (2.7) yields the self-diffusion coefficient
for component i averaging over N; molecules. Likewise, the expression for the bi-
nary Maxwell-Stefan diffusion coefficient Dy2 is given in terms of velocities of the
molecular centers of mass [95, 266]

) 1My + :EQMQ) 2 ]w L ¥ o %
Pp=—"o|——— dt v;(0) - (t) )y 2.8
o= (2T ) [ (X0 v0) (28)

where M; denotes the molar mass of molecules of species i, N; the number of
molecules of species 1 and z; and z, are the mole fractions.

To compare Maxwell-Stefan diffusion coefficients to available experimental data,
it is often necessary to transform the Maxwell-Stefan diffusion coefficients to Fick
diffusion coefficients. There is a direct relation between binary Maxwell-Stefan dif-
fusion coefficients Py, and binary Fick diffusion coefficients Dj» [131], which is given
by

DA (2.9)

with

fik s (?ﬂ) (2.10)
kBT 63:; Tp :
where p; is the chemical potential of species 1, kp Boltzmann'’s constant and T the
temperature.
Unfortunately, a direct comparison between simulated and experimental binary
Maxwell-Stefan diffusion coefficients is not always possible for the investigated mix-

tures due to the absence of experimental data. Nevertheless, it is possible to estimate

9
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the binary Maxwell-Stefan diffusion coefficients from empirical equations that relate
the self-diffusion coefficients or infinite dilution binary diffusion coefficients to the
binary Maxwell-Stefan diffusion coefficients through simple functions of the compo-
sition. Here, three such equations are considered: Darken’s equation [42], Caldwell
and Babb’s equation {18], and Vignes’ equation [273].

Darken’s equation relates the self-diffusion coefficients of both components D,
and D to the binary Maxwell-Stefan diffusion coefficient By,. It can be derived,
inserting the equation for the velocity of the center of mass of the total system

o _ ML VE+ M T vE (2.11)
N M, + oM, ¢ i

into Eq. (2.8) and after some algebraic manipulation the following equation is ob-
tained

v

1 = o o
Dy = m‘/[; dt <(I2§V1(0)—$1;V2(0))'

(xz i vE(t) — 2, i vg(t}) > (2.12)
k=1 k=1

This equation contains the center of mass velocities of both components and can
be separated into the following terms

i
3Nz xy

oo Ny 2
j; dt [(a kz VIOVE®) + (a3 f:vg(mvg(t))
=1 k=1
Ny 1 2 2
+(z§2vi(0) ﬁjv{(n) + (oA i“vs(m iv{;m)
i= J=I i=1

=1

Ny Ny N Ny
w1z (( g vE(0) gl vi(D)) — (; oY vie))] ()

k=1

Dy

: The ﬁr_st two terms represent the self-diffusion coefficients of component 1 and
ﬁé];ectg«ely. The other four terms represent cross correlations between different
particles of the same component, and cross correlations between particles of different
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D=1z D1+ zy- Ds. (2.14)

This equation allows calculating the Maxwell-Stefan diffusion coefficient from
self-diffusion coefficients in the mixture, which is only rigourously valid if the as-
sumptions given above hold. It is important to note that the self-diffusion coefficients
in the mixture are needed for each studied composition so that Eq. (2.14) is only of
limited use for practical applications.

Vignes’ equation [273] and Caldwell and Babb’s equation [18] relate the Maxwell-
Stefan diffusion coefficients to the infinite dilution binary diffusion coefficients D53
and D. The equation of Caldwell and Babb is given by

Dia=1,- D3 + 1 - D3, (2.15)

and the Vignes equation [273] by

by = (D)™ - (D)™ (2.16)

Here, D is the diffusion coefficient of species i infinitely diluted in species j. In
contrast to Darken’s equation [42], the equations of Caldwell and Babb [18] and of
Vignes [273] need only the two values for the two diffusion coefficients at infinite
dilution as input for the whole range of composition, which makes them attractive
for practical applications. In the limit of infinite dilution, the binary Maxwell-
Stefan diffusion coefficient and the self-diffusion coefficient coincide. This result can
be obtained from Eq. (2.14), by taking the limit z; — 0, ie. when z; — 0 then
Py, = D = Dy, or when 7, — 0 then Dy = D55 = D,. This equivalence is used
to obtain the self-diffusion coefficients in the infinite dilution limit.

Shear and bulk viscosity

The shear viscosity 7, as defined in Newton’s "aw" of viscosity, describes the re-
sistance of a fluid to shear forces. It refers to the resistance of an infinitesimal
volume element to shear at constant volume [12]. The shear viscosity can also be
related to momentum transport under the influence of velocity gradients. From a
microscopic point of view, the shear viscosity can be calculated by integration of
the time-autocorrelation function of the off diagonal elements of the stress tensor,

e.g. Jo¥ [91, 245]

11
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m:ﬁ fﬂ dt (JE(E) - T (0)), (2.17)

where V is the volume, kg is Boltzmann'’s constant, T° the temperature, and < ... >
denotes the ensemble average. The statistics of the ensemble average in Eq. (2.17)
can be improved using all three independent off diagonal elements of the stress
tensor J3¥, J3* and JE*. For a pure fluid, the component J3¥ of the microscopic

stress tensor J, is given by

N N N Bu(ri;)
IV = Z myviv! — Z Z T’JZW (2.18)
i=1 =1 j>i 7
Here, i and j are the indices of the particles and the upper indices z and y denote
the vector components of the particle velocities v;. Egs. (2.17) and (2.18) can be
applied directly to mixtures.

On the other hand, the bulk viscosity n, refers to the resistance to dilatation
of an infinitesimal volume element at constant shape [12]. The bulk viscosity in
polyatomic molecules is related to a characteristic time required for the transfer of
energy from the translational to the internal degrees of freedom [111]. Moreover,
the bulk viscosity plays an important role to describe ultrasonic wave absorption
and dispersion [121]. From a microscopic point of view, the bulk viscosity can
be calculated by integration of the time-autocorrelation function of the diagonal
elements of the stress tensor and an additional term that involves the product of
pressure p and volume V' that does not occur in the shear viscosity, of. Eq. (2.17).
The bulk viscosity in the NV E ensemble is given by [91, 245]

=gz | 9 (U0 V() (730 - v (). o

The component J;* of the microscopic stress tensor Jp is given by

3 S on . Bulry)
=3 mae =30 Tt (2.20)
=1 i=1 j>i ij

The statistics of the ensemble average in Eq. (2.20) can be improved using all three

independent diagonal elements of the stress tensor J3®, JY¥, and J7*, as well as their
X 4] ? P H

permutations. In the case of mixtures Eqgs. (2.19) and (2.20) can also be directly

applied. These equations are used in many simulation studies on the bulk viscosity,
e.g. [16, 105, 106, 117).

12
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Thermal conductivity

The thermal conductivity A, as defined in Fourier’s "law" of heat conduction, charac-
terizes the capability of a substance for molecular transport of energy driven by tem-
perature gradients. It can be calculated by integration of the time-autocorrelation
function of the elements of the microscopic heat flow JZ, and is given by [91, 245]

TR PO
= W/o dt (J3 () - J7(0)). (2.21)

Here, the heat flow J, for a pure fluid is given by

Jo= 3 Z mvivi — Z Z 311'(1"@1) — I u(ry)] v, (2.22)

=1 i=1 j>i

where v; is the velocity vector of particle 7 and r;; is the distance vector between
particles i and j. The term in squared parentheses denotes the difference between a
dyadic product and the unitary tensor I multiplied by the intramolecular potential
energy u(ri;). This description of the heat flow is not sufficient for mixtures. In
these, both diffusion and energy transport occur coupled [44], so that energy can
be transported on a molecular level by diffusion or by heat transport. In a binary
mixture with the components o and 3 the heat flow is given by [91, 274]

X T c'}u(r
Jq ——Zz:?n,"('u"}zvjc ZZZZ el — —TL-u(rfh] - vF
k=a i=1 k=a = t=1 j>i

B N
—ZMZ&JM&

k=a i=1
where h* denotes the partial molar enthalpy of component k. The computation of the
heat flow in a binary mixture can, in principle, be accomplished in one simulation,
however, here two separate simulations were preferred. One NpT' simulation was
performed for the computation of the partial molar enthalpies, corresponding to the
enthalpic part of the energy flow, and another NV E simulation for the calculation

of the autocorrelation function of the heat flow.

The previous expressions for the heat flux, Eqgs. (2.22) and (2.23), are valid for
atomic fluids. For molecular fluids, the rotational contributions to the heat flux
must be also considered. The expression for the heat flow Jg in molecular pure
fluids has been derived by Evans [60] and is given by

13
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N N
1
= 53 (ot it ) v)
2« e
i=1 J#t
N N 3 3 -
3D g (e 4 wilty), (2.2
— Or
i=1l j>i k=1 I=1
where w; is the angular velocity vector of molecule i, I; the matrix of angular
momentum of inertia, u;; the intermolecular potential energy, and I';; is the torque
vector. The torque refers to a reference frame with origin in the molecular center of

mass.

2.3 Discussion

In the previous sections an overview of the NEMD methods and a description of the
Green-Kubo equations were given. Both methods are compared in the following.
There are numerous direct comparisons between the S-NEMD and BD-NEMD
methods and EMD, i.e. the Green-Kubo method, in the literature. For self-diffusion
Erpenbeck [52] applied the S-NEMD method (color algorithm) and Green-Kubo
method for calculating the self-diffusion coefficient. He found that Green-Kubo
yields more precise results for the same number of time steps. Even for simula-
tions with a smaller number of particles a larger simulation time was necessary for
S-NEMD compared to Green-Kubo, moreover for large numbers of particles the
steady state in S-NEMD became unstable. Both methods showed an influence of
the number of particles on the results. Cummings et al. [37] carried out calcula-
tions at two strain rates and compared Green-Kubo and Einstein methods with the
color field S-NEMD method. They claimed agreement among the three methods,
although the values of the S-NEMD method was about 10 % lower than those of the
Green-Kubo and Einstein methods. Lee et al. [144] and Moon et al. [192] carried
out simulations for liquid water and argon, respectively. Lee et al. [144] found that
S-NEMD yields a self-diffusion coefficient about 30 % larger than the one obtained
by the Green-Kubo method, while in the work of Moon et al. [192] they agree within
the uncertainty of the simulations. In a more recent work of Daivis and Evans |41,
it was found that the previous disagreement between the SSNEMD and Green-Kubo
was largely due to a poor statistics resulting from short simulations, and they show
good agreement between S-NEMD and Green-Kubo methods for self-diffusion co-
efficients of alkane models. In addition, they remark that self-diffusion coefficients
found by both methods increase with increasing number of particles. To overcome
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this issue, a correlation for the self-diffusion coefficient as function of the system size
was recently given [285]. This method is also used in the present work.

For shear and bulk viscosity, Hover et al. [117] carried out a comparison of the
S-NEMD and the Green-Kubo method. Good agreement between the methods was
found for the bulk viscosity of argon. On the other hand, for shear viscosity the
results of S-NEMD did not agree with those of the Green-Kubo method. Holian et
al. [116] and Ryckaert et al. [222] found good agreement between the S-NEMD and
the Green-Kubo method. Holian et al. [116] found that shear viscosity calculated
by the Green-Kubo method varies with the number of particles by as much as 25 %,
while Ryckaert et al. [222] did not find such a dependence but claimed that the sta-
tistical uncertainty of S-NEMD decreases with the number of particles proportional
to N~1/2, More recent work of Lee et al. [144] and Moon et al. [192] for liquid water
and argon, Daivis and Evans for liquid butane [41], and Cui et al. [35, 36] for liquid
n-decane and n-hexadecane show good agreement between both methods.

Direct comparisons between the NEMD and the EMD method for thermal con-
ductivity are typically more recent than those for self-diffusion coefficients or shear
and bulk viscosity. Daivis and Evans [40, 41] carried out a comparison of the S-
NEMD and EMD for thermal conductivity of liquid butane. No dependence on
the number of particles in any of the methods was found. Using a different type
of NEMD method, Palmer [206] calculated the thermal diffusivity of carbon diox-
ide and water, here also good agreement with the Green-Kubo method was found.
Schelling et al. [227] compared S-NEMD and Green-Kubo for the thermal conduc-
tivity of silicon. Good agreement between the methods was found. However, they
pointed out that for S-NEMD temperature gradients of about 10° K/m are neces-
sary, which could introduce significant nonlinear effects. However, in the range of
the reported simulations, nonlinear effects were not found. In the work of Schelling
et al. [227] using a simulation time of 1 ns, the Green-Kubo method showed uncer-
tainties of 50 %. For the same simulation time S-NEMD showed an uncertainties of
only 10 %. Furthermore, they also claim that S-NEMD appears to be advantageous
in the computation of thermal conductivity of inhomogeneous systems.

Another related transport coefficient is the Soret coefficient, which is the ratio
between the concentration diffusion coefficient (induced by a gradient of concen-
tration or in general chemical potential) and the thermal diffusion coefficient (in-
duced by a temperature gradient) [94, 95]. Perronace et al. [209, 210] calculate the
Soret transport coefficient and compared the performance of S-NEMD, BD-NEMD,
and Green-Kubo methods. For the mixture Ar+Kr, they report good agreement
of S-NEMD and Green-Kubo with each other and experiments. The uncertainty
associated with both methods is 30 %. In a second work of the same authors
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[210] the mixture n-pentane+n-decane was investigated. S-NEMD, BD-NEMD, and
Green-Kubo method were applied to compute the relevant transport coefficients to
the Soret effect. It was found that statistical errors of the cross-coefficients using
the Green-Kubo method are too high to enable any comparison with experiments,
whereas both S-NEMD and BD-NEMD methods have statistical errors of less than
35 %.

§-NEMD methods are generally claimed in the literature to yield better ac-
curacy than EMD methods, i.e. the Green-Kubo method for the calculation of
shear viscosity and thermal conductivity for the same computational effort, see
e.g. |38, 58, 62, 225]. However, Cui. et al. [36] showed that an adequate selection
of the methodology finally depends on the application. If the zero strain rate vis-
cosity is the only property of interest, significantly less computing time is required
by S-NEMD than for the Green-Kubo equations. Furthermore, S-NEMD provides
other information such as the strain rate dependence of the shear viscosity, molecu-
lar conformation, alignment, transient relaxation of the fluid under stress etc. [36].
On the other hand, the Green-Kubo method allows the calculation of all transport
coefficient in one simulation run, and the transport coefficients are always those
at zero driving force. Moreover, there are many conceptual issues which are not
completely clear for the S-SNEMD methods; for example the extrapolation of the si-
mulation results to thermodynamic equilibrium [17, 81, 166, 261, 264], the artificial
removal of heat from the system [150], and the introduction of periodic effects by the
Lees-Edwards periodic boundary conditions [211, 212, 262]. Likewise, BD-NEMD
methods suffer also from several limitations. Firstly, they require a larger number of
molecules than S-NEMD or Green-Kubo. Secondly, there is a considerable overhead
associated with keeping the reservoirs properly populated [8]. In addition, simula-
tions along the hubble line or, more generally, close to phase transition, as the ones
carried out throughout this work, can present many technical problems because the
nonuniformity of temperature and density within the simulation sample.

Summarizing, the choice between EMD and NEMD is largely a matter of taste
and inclination and finally it depends on the application. There are numerous con-
tributions in the literature in which both methods were applied for the calculation
of shear viscosity [105, 106, 116, 207, 220, 229, bulk viscosity [16, 100, 117], and
thermal conductivity {105, 106, 207, 274, 275] with comparable performance. In the
present work, the Green-Kubo method is preferred over NEMD methods, due to the

fact that it allows the caleulation of several transport coefficients in one simulation
run,
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Chapter 3

Self-diffusion and binary
Maxwell-Stefan diffusion coefficients
of real fluids

3.1 Introduction

Diffusion plays an important role in many chemical processes, such as catalysis or
adsorption. Traditionally, self-diffusion coefficients and Maxwell-Stefan diffusion
coefficients in pure fluids and mixtures are obtained from empirical correlations or
with more or less theoretically based equations. Although very successful in practical
applications, this approach is limited to the range where correlations were adjusted
to experimental data and, thus, by the availability of experimental data to fit such
correlations. On the other hand, the measurement of diffusion coefficients is a time
consuming and difficult task [124].

With increasing computer power, molecular simulation has become an interesting
alternative tool to investigate a wide range of phenomena in many fields of science
and engineering, among which diffusion has also been considered. The first simu-
lation works on self-diffusion coefficients date back to the sixties, when Alder and
Wainwright [1, 2] carried out simulations with hard spheres and discovered the long-
time tail of the velocity correlation function. Furthermore, Jacucci and McDonald
(118], Jolly and Bearman, and Schoen and Hoheisel {120, 228], carried out compu-
tations of the binary transport coefficients, and investigated the contribution of the
cross correlation to the binary Maxell-Stefan diffusion coefficient. These works estab-
lished the calculation methodology and paved the way for posterior works aimed to
predict diffusion coefficients. There are several contributions in which self-diffusion
coefficients (172, 177, 220], binary [105, 120, 143, 207, 219, 228, 247, 291] and ternary
diffusion coefficients [266, 267) for noble gases, methane and mixtures of these are
calculated. Less frequently, investigations with multi-center Lennard-Jones models,
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e.g. mixtures of CH+SFg [113] and CH,+CF; [230], or polar ﬂui(?ls [1‘55, 268) have
been performed. With the exception of [177] and [172], all investigations from the
literature cover only diffusion coefficients in the liquid phase and only for a limited
range of state points. An overview of the available data in the literature for fluids
modeled with the spherical LJ and 2CLJQ potentials is given in Table 3.1.

In the first part of this chapter only simple fluids modeled with the spherical
Lennard-Jones potential are considered. Self-diffusion coefficients for five pure fluids:
Ar, CHy, Kr, Ne, and Xe (both liquid and gas) and three binary mixtures: Ar+Kr,
Ar+Xe, and Kr+Xe (gas) are predicted. The pure component parameters of these
models are given in Table 2.1, they were determined from vapor-liquid equilibria
data alone [278). Binary mixtures were modeled using one adjustable parameter
for the unlike interaction which was fitted to vapor-pressure data of the mixtures
[249, 279]. Throughout the present simulations, the molar mass from the literature
is used [213]. Therefore, the diffusion coefficients from the present simulations are
predicted from vapor-liquid equilibria alone, and obtained without any adjustment
to diffusion or other transport data. In this first part, the studied systems are those
for which both molecular models and experimental data were available,

Furthermore, results for more complex molecules are presented. The intermolecy-
lar interactions are described by the two-center Lennard-Jones plus point-quadrupole
(2CLJQ) potential. Several authors have employed this model successfully, for mod-
eling thermodynamic properties and the self-diffusion coefficients of simple real fluids
[23, 112, 191, 276, 278]. Albeit the 2CLJQ potential is not new, the prediction of
transport properties with such a model has still not been explored in detail. In order
to investigate the suitability and performance of the 2CLJQ potential with respect to
self-diffusion coefficients, they were calculated in the present work for several fluids
(Fz2, N3, CO,, CS;, C;Hs, CoHy, CzHgz, SFs) and compared to existing experimental
data for these fluids. In addition, self- and Maxwell-Stefan diffusion coefficients for
the binary mixtures Ny+CQs,, N2+CyHg, and COy+CyHg were studied. These re-
sults were used to evaluate the performance of three equations for describing binary
Maxwell-Stefan diffusion coefficients, namely the equations of Caldwell and Babb
[18], Darken [42|, and Vignes [273]. A direct comparison of simulation results to
experimental data of binary Maxwell-Stefan diffusion coefficients is not possible for
the fluids studied here, because of the lack of such data.
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Table 3.1: Literature data for self-, binary, and ternary diffusion coefficients for
fluids modeled with spherical LJ and 2CLJQ potentials. EE: Einstein equation.
GK: Green-Kubo equation. NEMD:Nonequilibrium molecular dynamics technique.

Author Year Method Ensemble Model Fluid
Present work 2006 GK NVE/NVT 2CLJQ Binary
Borgelt [16) 1990 GK NVE LJ Pure
Canales [19] 1999 EE/GK NVT Ll Pure
Chen [22] 1977 EE NVE 9CLJQ Pure
Cheung [23] 1975 EE NVE L] Pure
Erpenbeck  [52] 1987 GK/NEMD NVT L] Pure
Erpenbeck [53] 1988 GK NVT LJ Pure
Gardner [83] 1991 EE NVE L] Binary
Hammonds [93] 1988 GK NVE/NVT LJ Pure
Heyes [99] 1983 EE NVE 174 Pure
Heyes [102] 1987 EE NVT L] Pure
Heyes [103] 1988 EE NVT LJ Pure
Heyes [104] 1990 GK NVT L] Pure
Heyes [105] 1991 EE/GK NVT b Binary
Heyes [106] 1992 GK NVT LJ Binary
Heyes [107] 1993 GK NVE LJ Pure
Jaccuci [118] 1975 GK NVE LJ Binary
Jolly [120] 1980 EE NVE LJ Binary
Kinkaid [127] 1994 EE/NEMD NVE LI Pure
Keffer [122] 2004 EE NVE/NVT/NPT LIJ Binary
Keffer [123] 2004 EE/GK NPT LI Binary
Lee [143] 1997 EE NVE L] Binary
Lee [145] 2004 GK/NEMD NVT LJ Pure
Meier [172] 2001 EE NVE LJ Pure
Meier [173] 2002 EE NVE LJ Pure
Meier [174] 2004 EE NVE LJ Pure
Michels [176] 1975 GK NVE LJ Pure
Michels [177] 1978 GK NVE LJ Pure
Moon [192] 1991 GK/NEMD NVT LJ P}ire
Pas [207] 1991 GK NVT LJ Bplary
Rowley [219) 1991 GK NVE LJ Binary
Rowley [220] 1997 EE NVT L] Pure
Schoen [228] 1984 EE/GK NVE LJ Binary
Schofield [231] 1973 GK NVE LJ szre
Stoker [247] 1989 GK NVE LJ Binary
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Table 3.1: Continued.
Author Year Method Ensemble Model Fluid
Straub [253] 1992 EE NVE LI Pure
van de ven-Lucassen [266] 1998 GK/NEMD NVT LJ Ternary
van de ven-Lucassen (267 1999 GK NVT LJ Ternary
Zhou [201] 1995 GK NVE LJ  Binary
3.2 Results

3.2.1 Self-diffusion coefficients for simple fluids

Fig. 3.1 shows the results for the self-diffusion coefficients of Ar, Kr, Ne compared
with experimental data for gas state points [31].
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Figlure 3.1.: Self-diifusion coefficients of Ar, Kr, and Ne (gas phase) predicted by
molecular simulation compared to experimental data [31] at p=0.1013 MPa. Ar: A
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The lines in Fig. 3.1 are the results of the correlation of Liu et al. [153], which
is a correlation based on simulation results and experimental data. This corre-
lation is fed with the LJ parameters given in Table 2.1. The data are given at
constant pressure and at different temperatures. Fig. 3.2 shows the results for the
self-diffusion coefficients for Ar, CHy, Kr, Ne, and Xe compared with experimental
data [13, 27, 96, 185, 208] for liquid state points. The lines in Fig. 3.2 are the results
of the correlation of Liu et al. [153] using the LJ parameters from Table 2.1. The
data are given at constant temperature and at different pressures. Overall, a very
good agreement between the predictions and the experimental data is found. The
best results are found for Ar, Kr, Ne in the gas phase with deviations within a few
percent. The results for liquid state points show somewhat higher relative devia-
tions from the experimental data (around 10 %). It can be seen that the correlation
agrees reasonably well with the simulation data, typical deviations are about 5 %.
This accuracy lies in the range claimed by the authors of [153].
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Figure 3.2: Self-diffusion coefficients of Ar, CHy, Kr, Ne, and Xe (liquid and gas
phase) predicted by molecular simulation compared to experimental data [13, 27,
96, 185, 208] at constant temperatures and different pressures. Ar T=323 K: A exp.,
A sim.: CH, T—=298 K:V exp., ¥ sim.; Kr T=273 K: 0 exp., ® sim.; Ne T=37 K: O
exp., B sim.; Xe T=298 K: () exp., # sim. The solid lines represent the results of
the correlation of Liu et al. [153].
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3.2.2 Binary Maxwell-Stefan diffusion coefficients for simple
fluids
Binary Maxwell-Stefan diffusion coefficients were calculated for the gaseous mix-
tures Ar+Kr, Ar+Xe, and Kr+Xe. The results are compared to experimental Fick
diffusion coefficients. The thermodynamic factor A, that relates the Maxwell-Stefan
diffusion coefficient to the Fick diffusion coefficient, cf. Eq. (2.9), is assumed to be
unity for all cases studied here. This is supported by the calculations of several ay-
thors [120, 188, 228, 291|. As a test, A was estimated by two simulations to calculate
a finite difference [20] for each mixture at the most dense state point. The assump-
tion A = 1 was confirmed within the statistical uncertainty of the calculations.
Fig. 3.3 shows the simulation results for the mixture Ar+Kr in ecomparison to
experimental data taken from [232]. The continuous line in Fig. 3.3 are the results
of the correlation of Darken [39, 42|. In this case, the experimental data [269] were
reported at constant temperature,
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Figure 3.3: Binary Maxwell-Stefan diffusion coefficients for gaseous equimolar
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Fig. 3.4 shows the results for the mixtures Ar+Xe and Kr+Xe at constant pres-
sure. Good agreement between the predictions and the experimental values is found.
The best results are observed for the mixture Ar+Kr. This mixture shows typical
relative deviations of 4 % from the experimental data; the corresponding deviations
are 8 % for Ar+Xe, and 16 % for Kr+Xe. It must be pointed out that for the
mixture Kr+Xe, no binary interaction parameter £ was available.
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Figure 3.4: Binary Maxwell-Stefan diffusion coefficients for gaseous equimolar
mixtures of Ar+Kr predicted by molecular simulation compared to experimental
data [232] at T=323.16 K : Ar+Kr A exp., A sim. The solid lines represent the
results of the correlation of Darken [39, 42].
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In Figs. 3.3 and 3.4, it is interesting to analyze the performance of the empirical
model of Darken [42] for estimating Maxwell-Stefan diffusion coefficients in the gas
phase on the basis of known binary self-diffusion coefficients. The figures show that
the model of Darken [42] agrees very well with the binary Maxwell-Stefan diffusion

coefficients, typical deviations are about 5 %.
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3.2.3 Self-diffusion coefficients for quadrupolar fluids

In this section, the predictions for self-diffusion coefficients for quadrupolar fluids
are compared to experimental data and to the empirical equation of Liu et al. [153].
The results are presented in terms of the product of self-diffusion coefficient and
density rather than the self-diffusion coefficient itself, because the later tends to
infinity in the zero density limits. The self-diffusion coefficient is a single-particle
property, thus highly accurate data can be obtained with modest computing time.
The uncertainty of the present self-diffusion data is typically 3 %, numerical values

for all fluids are given in Table 3.2.
Fig. 3.5 shows the results for the product of density and self-diffusion coefficient

of F3, Na, CO2, and CS; compared to experimental data [54, 132, 204, 284]. For F,
and Nj, the considered state points correspond to the saturated liquid, for which
experimental densities were taken from [146, 270].
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Figure 3.§: Self_—diff?.lsinn coefficients of F, Nj, CO,, and CS, as predicted by
molecular 51'mullatlon In comparison to experimental data [54, 132, 204, 284]. F;
E,a-tura.ted hqul.d, T=54-105 K): O exp., W sim.; Ny (saturated liquid, T=77-93
(h). o exp., ® 1slll‘J:L;d CO; (homogeneous liquid, T= 273 K): A exp., A sim,; CS,
omogeneous liqui = z o i 1 Jati
i %t T ;;ul » T'=298.2K): V exp., ¥ sim. The lines represent the correlation
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Table 3.2: Self-diffusion coefficients for F3, N3, CO,, CSa, C;Hs, C;Hy, CoH, and
SF; predicted by molecular simulation compared to experimental data.

i N,
T 10-3 p 109 Dezp- 109 Dsim. T 103 P 109 Dep- 109 Do
Kopenokongs wmivest o wfoarl K mod-m?® m?s! mn2st
540 44.824 0.569 0.569(2) 77.0 28.861 2.526 2.923(8)
62.0 43.497 1.05 0.905(2) 80.0 28.380 2.996 3.309(5)
700 42.166 1.69 1.361(3) | 83.0  27.870 3500  3.757(8)
780 40.787 246 1.903(6) | 85.0  27.526 3875  4.03(1)
83.0 38.968 3.57 2.793(8) 88.0 27.006 4.459 4.63(1)
96.0  37.405 4.55 3.575(6) 90.0 26.643 4.871 4.93(1)
105.0  35.497 5.73 4.74(1) 93.0 26.079 5.522 5.54(1)
CO, CoH,
273.0 21.102 13.50 10.41(3) | 298.15 4.4955 113.6 110.0(3)
2730 21.453 13.00 10.39(6) |298.15  6.2923 79.91 76.1(3)
273.0 22.333 11.70 9.274(3) | 298.15 8.0927 62.10 56.6(1)
273.0 23.046 10.70 8.156(4) | 298.15 9.8895 49.45 42.1(2)
273.0 23.460 10.00 7.890(2) | 298.15  11.690 39.58 33.20(8)
273.0 23.900 9.50 7.518(4) | 298.15  13.487 31.21 25.5(1)
298.15 15.283 24.08 19.90(7)
208.15  17.084 1820  14.60(3)
298.15 18.881 1344  10.70(3)
298.15  20.681 9.927  7.28(9)
CZHS CSz
273.0 15431 14.6 14.40(4) 298.2 16.489 4.26 3.209(7)
273.0 16.550 11.8 11.71(6) 298.2 17.019 3.64 2.653(8)
2730  17.968 891  9.008(4) | 2082  17.514 321  2.264(7)
273.0 18.902 7.24 7.230(2) | 298.2 18.031 2.61 1.867(5)
2730 19.609 6.27 5.870(1) | 298.2 18.543 2.23 1.532(5)
CgHg SFs
1920 23.754 3.74 2.91(1) | 240.0 12.091 3.35 3.52(3)
1970 23.463 4.26 3.37(1) | 250.0 11.653 3.94 4.28(2)
2020  23.167 4.82 3.95(1) | 260.0 11:221 4.66 4.89(4)
2070 22.863 5.43 4.35(1) | 270.0 10.742 5.59 6.03(2)
2120 22554 6.07 4.66(1) | 280.0 10.201 6.71 7.49(4)
207.0 - 22237 6.76 5.44(1) | 290.0 9.606 8.29 8.87(5)
2220 21.912 7.49 5.95(2) | 300.0 8.846 10.5 11.00(2)
3100  7.826 144 14.50(5)
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For CO, and CS,, the state points lie in the homogeneous liquid region at tem-
peratures of 273 K and 298.2 K, respectively. Overall, fair agrt-eement between ex-
perimental data and the predictions by molecular simulation is found. The best
results are obtained for N, with an average deviation of only 6 %. For Fa, the pre-
dictions match the experimental data at high densities, at low densities deviations
up to 20 % occur. The predictions for CO, are too low by about 20 %. For CS,, the
predictions are also too low by about the same amount, in this case the correlation
of Liu et al. [153] shows better agreement with the experimental data. It should be
noted that the poorer performance of the CO; and CS; models is reasonable since
the three atoms of roughly the same size have not been explicitly considered by the
2CLJQ model.

Fig. 3.6 shows the results for the product of density and self-diffusion coefficient
of CoHg, C2Hy, CzHa, and SFs compared to experimental data [7, 90, 226, 259]
and the correlation of Liu at al. [153]. For C;Hg and C,H, the considered state
points lie in the homogeneous liquid region at temperatures of 273 K and 298.15 K,
respectively. For CoH; and SFg the states correspond to the saturated liquid, the
CoH, densities were taken from [43]. Good agreement with the experimental data
is found. The best results are found for CoHs and SFg with average deviations of
only 2 % and 6 %. For CyH,, the predictions of the simulation are too low by about
20 %, for CoHy they are too low by about 15 %. The experimental data of C,H,
show a pronounced curvature that is neither reproduced by the simulations nor by
Liu’s correlation. Liu's correlation is as good as the simulation for SFs and C,Hs,
worse than the simulation for C;H,, but slightly better for C,H,.

To study the dependence of the self-diffusion coefficient on the number of par-
ticles, one state point for N, at T = 85 K, p = 27.526 10° mol m? was chosen.
For this state point, a sequence of simulations with increasing number of particles:
N = 108, 256, 500, 864, and 1372 was carried out. The values for the self-diffusion
coefficients were 3.78(6), 3.96(5), 4.03(1), 4.13(2), 4.21(2) in 10°m?. s, respectively.
An estimate of the self-diffusion coefficient for an infinite system size can be obtained
by a linear fit of the self-diffusion coeficient data as a function of the inverse box
length [285]. This fit yields a value of 4.50(4) 10™° m?  s7! for an infinitely large
system, that is about 10 % greater than the results with N = 500 particles. As
most predictions of self-diffusion coefficients are below the experimental data, the
finite-size correction can improve the agreement with the experimental data for most
fluids. Exceptions are F,, SFe, and C2Hs, for which the deviations would increase.
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Figure 3.6: Self-diffusion coefficients of CoHg, C2Ha, Caa2, and SFj as predicted by
molecular simulation in comparison to experimental data [7, 90, 226, 284]. C,Hg (ho-
mogeneous liquid, =273 K): O exp., M sim.; C;Hy (homogeneous liquid, T=298.15
K): o exp., ® sim.; C,H, (saturated liquid, 7= 192-222 K): A exp., A sim.; SFg
(saturated liquid, T=240-310 K): V exp., ¥ sim. The lines represent the correlation
of Liu et al. [153].
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3.2.4 Binary Maxwell-Stefan diffusion coefficients for qua-
drupolar fluids

In this section, the results obtained for the binary mixtures No+COy, N2+CoHg, and
C0O,+CoHg at 253.15 K and 20 MPa are presented. Numerical data are given in Ta-
ble 3.3, self-diffusion coefficients of pure fluids in binary mixtures are reported witha
statistical uncertainty of about 3 %; binary Maxwell-Stefan diffusion coefficients are
reported with statistical uncertainty about 10 %. These mixtures were selected since
their vapor-liquid equilibria were successfully calculated with the present molecu-
lar models [249]. The simulated Maxwell-Stefan diffusion coefficients are compared
with the predictions from the equations of Darken [42], Caldwell and Babb [18], and
Vignes [273], cf. Egs. (2.14), (2.15), and (2.16). To evaluate their performance, the
average relative deviation, 3°,(Dfim — DM SZ4*“") /Diy%;, was calculated. Experi-
mental data for comparison are unfortunately not available. The input needed for
Eqs. (2.14) to (2.16) were therefore simulation data, i.e. self-diffusion coefficients for
Darken’s equation [42] and infinite dilution diffusion coefficients for the equations of
Caldwell and Babb [18] and of Vignes [273].

Table 3.3: Self-diffusion and Binary MS Diffusion Coefficients of the Binary Mix-
tures Ny+CQOj, No+CyHg, and CO,+CyHg at 253.15 K and 20 MPa Predicted by
Molecular Simulation.

Ny(1) + CO2(2)

I 10-‘3 p 109 Dl 109 Dg 109 Bl?
(mol - m~3) (m?- s71) (m%s71) (m? s
0.0 24.08 8.7(9) 6.86(2) 8.7(9)
0.1 22.96 11.57(7) 8.40(3) 11.7(5)
0.2 21.47 14.60(7) 10.55(4) 15.4(3)
0.4 17.73 24.13(10) 16.74(2)  26(1)
0.5 15.59 30.77(8) 21.19(7) 31(1)
0.6 13.60 38.63(6) 26.83(19) 37(2)
0.8 10.90 53.87(20) 38.39(25) 47(3)
0.9 9.968 61.25(20) 44.08(24) 46(3)
1.0 9.356 67.49(13) 43(4) 43(4)
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Table 3.3: Continued.

Nz (1) + CoHg(2)

o 107°p 10° D, 10°D, 10° D,

(mol - m~3) (m? s71) (m%s7!) (m%s)
00 13.87 20(1) 11.97@) _ 20(D)
01 13.85 17.39(9) 13.27(2)  18(1)
02 13.74 19.58(16) 14.98(4)  18(1)
0.4 12.91 26.48(6) 19.81(11)  26(2)
0.6 11.21 42.88(50) 31.18(20)  39(3)
0.8 9.302 54.42(11) 40.25(38)  48(4)
0.9 8.566 62.88(17) 47.08(40)  48(4)
1.0 8.059 70.21(20) 47(4) 47(4)

CO,(1) + CoHo(2)

00 16.10 13(1) 11.84(1) 1300
01 16.47 12.38(14) 1.75(6)  13(1)
02 16.88 11.98(5) 11.64(6)  13(1)
0.4 17.95 10.93(6) 11.09(8)  13(1)
06 19.49 9.63(4) 10.08(6)  12(1)
08 21.59 8.09(3) 8.66(9)  10.3(8)
09 22.94 7.21(1) 7.78(14)  8.2(7)
1.0 24.66 6.15(6) 5.1(7) 5.1(7)

Fig. 3.7 shows the results for the binary Maxwell-Stefan diffusion coeflicients
for the mixture N;+CO; compared to the equations of Caldwell and Babb [18],
Darken [42], and Vignes [273]. The Maxwell-Stefan diffusion coefficient increases
as the mole fraction of Ny increases due to the smaller size and mass of the Np
molecule. The simulation results lie above the linear interpolation between the
infinite dilution diffusion coefficients, i.e. Caldwell and Babb’s equation [18]. Vignes’
equation [273] gives a different behavior, with negative deviations from the linear
interpolation, whereas Darken’s [42] equation predicts positive deviations from the
linear interpolation for high N; mole fractions and negative deviations for low mole

fractions.
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Figure 3.7: Binary Maxwell-Stefan diffusion coefficients for the mixture N+CO,
at 253.15 K and 20 MPa as predicted by molecular simulation in comparison to
empirical equations.

Fig. 3.8 shows the results for the binary Maxwell-Stefan diffusion coefficients of
the mixture No+CoHg. In this case, the Maxwell-Stefan diffusion coefficients lie
below the linear interpolation of the infinite dilution diffusion coefficients for mole
fractions smaller than 0.5 and lie above the linear interpolation for mole fractions
larger than 0.5. The results of Darken’s equation [42] agree well with the simulation
data. The average deviation is only about 6 %. The equation of Vignes [273] fails
to reproduce the shape of the curve, which results in an average deviation of about
20 %. The deviations between the simulation results and the correlation of Caldwell
and Babb [18] are also about 20 %.

Fig. 3.9 shows the results for the binary Maxwell-Stefan diffusion coefficients
of the mixture COy;+CyHg. In this case, the Maxwell-Stefan diffusion coefficients
lie above the linear interpolation between the infinite dilution diffusion coefficients
(Caldwell and Babb) over the whole composition range. Also, Darken’s equation
[42] here yields the best results with an average deviation of 12 %, whereas the
equations of Caldwell and Babb [18] and of Vignes [273| yield deviations of 23 %

and 28 %,-respectively. Again Vignes' equation [273] does not reproduce the sign of
the deviations from the linear interpolation correctly.
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Figure 3.8: Binary Maxwell-Stefan diffusion coefficients for the mixture Ny+C;Hg
at 253.15 K and 20 MPa as predicted by molecular simulation in comparison to
empirical equations.

Figs. 3.7, 3.8, and 3.9 show that the curvature of the Maxwell-Stefan diffusion
coefficient is a function of the mole fraction, depending qualitatively on the mixture.
Tt can be concave, with a positive deviation from the linear course, or convex with a
negative deviation, or both. The investigated mixtures are not strongly polar, and
also in the 2CLJQ models only quadrupolar interactions are present. However, the
Maxwell-Stefan diffusion coefficients of these mixtures can not be well represented
by the equations of Caldwell and Babb [18] or of Vignes [273], that are often claimed
to be adequate for such simple mixtures [273].

Dullien [46] compared the predictions of Vignes' equation [273] with experimental
data, and also found that in many cases, where the mixtures were nonassociating, the
equation of Vignes [273] was not able to predict the binary Maxwell-Stefan diffusion
coefficients correctly. The equation of Darken [42] shows the best performance in all
cases. That is because it uses more information than the other two. Moreover, as was
shown in Chapter 2, it is exact if the cross correlations between different particles
of the same species and particles of different species are neglected. Unfortunately,
Darken's equation [42] is of little use for most practical applications.
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Figure 3.9: Binary Maxwell-Stefan diffusion coefficients for the mixture
CO;+C,Hg at 253.15 K and 20 MPa as predicted by molecular simulation in com-
parison to empirical equations.

3.2.5 Binary self-diffusion coefficients for quadrupolar fluids

Figs. 3.10 to 3.11 show the results for the self-diffusion coefficients of the pure
component in the mixture, the called trace diffusion coefficients [39], and the binary
Maxwell-Stefan diffusion coefficient for the same mixtures shown in the Figs. 3.7 to
3.9, i.e. N2+COg, Na+CyHs, and CO,+C2Hs at 253.15 K and 20 MPa.

As Figs. 3.10 to 3.12 show the binary Maxwell-Stefan diffusion coefficients for
the mixtures No+CO, and N2 +CyHg can qualitatively be described by a simple in-
terpolation as indicated by Darken’s equation [42], i.e. without the contribution of
the cross correlation terms cf. Eq. (2.13). For these mixtures the Maxwell-Stefan
lies between the self-diffusion coefficients of both components or very close to one
of them. On the other hand, for the mixture CO2+CyHg , the self-diffusion coef-
ficients are almost equal and below the binary Maxwell-Stefan diffusion coefficient
of. Fig. 3.11. Here the cross correlation terms are significant in the description of the

binary Maxwell-Stefan diffusion coefficient, so that Eq, (2.14) results inappropriate.
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Figure 3.10: Self- and binary Maxwell-Stefan diffusion coefficients for the mixture
Np(1)+C0,(2) at 253.15 K and 20 MPa as predicted by molecular simulation: A
Dy; ¥ Dy; o Dyy. The lines serve as guide for the eye.
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Figure 3.11: Self- and binary Maxwell-Stefan diffusion coefficients for the mixture
N3(1)+C3He(2) at 253.15 K and 20 MPa as predicted by molecular simulation: A
Dy; ¥ Dy; e Byy. The lines serve as guide for the eye.
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Figure 3.12: Self- and binary Maxwell-Stefan diffusion coefficients for the mixture
COy(1)+C,Hg(2) at 253.15 K and 20 MPa as predicted by molecular simulation: A
Dy; V Dy; ® By;. The lines serve as guide for the eye.

35



Chapter 3 Self-diffusion of quadrupolar real flyidg

3.3 Conclusion

In this chapter, molecular dynamics simulation and the Green-Kubo formalism were
used to calculate self- and binary Maxwell-Stefan diffusion coefficients for simple fiu-
ids modeled the spherical Lennard-Jones potential, and for a class of fluids modeled
with the 2CLJQ potential. The potential parameters were taken from the literature
[279] where they were adjusted to experimental vapor-liquid equilibria only. Thir-
teen pure fluids, i.e. Ar, Kr, Ne, CHy, Xe, Fy, Ny, COz, CS3, C;Hs, CoHy, CyH,,
and SFg and six binary mixtures, i.e. Ar+Kr, Ar+Xe, Kr+Xe, N3+C0;, No+C,H;
and CO,+CyHg, were studied. Self-diffusion coefficients are reported with statistical
uncertainties smaller than 1 %. These results do not consider corrections due to the
long-time tail; the error due to it is estimated to be about 3 %. Deviations between
the predicted and the experimental data do not exceed 20 %. The correction due
to the finite size of the simulated system increases the self-diffusion coefficients typ-
ically by 10 %. With this correction, an even better agreement can be expected
for most fluids. Exceptions are Fs, SFg, and C,H; for which the deviations would
increase.

For the binary mixtures, predictions from the simulations are only compared
to results from the equations of Darken [42], Caldwell and Babb [18], and Vignes
[273], cf. Eqgs. (2.14), (2.15) and (2.16), as experimental data were not available.
The self-diffusion coefficients in mixtures are reported with statistical uncertain-
ties less than 1 % and the binary Maxwell-Stefan diffusion coefficients are reported
with statistical uncertainties of about 10 %. Darken’s equation [42] yields the best
agreement in all cases with average deviations of only 10 %. Unfortunately, this
equation requires self-diffusion coefficients in the mixture as input data. The two
simple equations of Caldwell and Babb [18] and of Vignes [273] that use infinite
dilution diffusion coefficients as input data, fail to predict the shape and curvature
of the composition dependence of the Maxwell-Stefan diffusion coefficients, despite
the fairly simple molecules studied here. This indicates that for the prediction of
Maxwell-Stefan diffusion coefficients correlations that are more accurate are needed.
For their development, molecular simulation is a useful tool, as it can relate mole-
cular properties, i.e. polarity, anisotropy etc., to diffusion coefficients.
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Shear and bulk viscosity and thermal
conductivity of real fluids

4.1 Introduction

In this chapter, the prediction of transport properties is extended to consider shear
and bulk viscosity, and thermal conductivity. The regarded fluids are modeled with
the spherical LJ, 2CLJQ, and 2CLJD potentials. At the present the most com-
prehensive study that include self-diffusion, shear and bulk viscosity and thermal
conductivity of the spherical Lennard-Jones fluid is reported in [172, 173]. Despite
of the large number of publications on simulation of transport properties with the
spherical Lennard-Jones potential, not much effort seems to have been spent on a
comparison of simulation results with experimental data of real fluids. Exceptions
are the works of Michels et al. [177] and Heyes et al. [105, 106]. Michels et al. [177]
compared the self-diffusion coefficient to the Chapman-Enskog theory and experi-
mental data for Kr and CHy4 at high densities, but thermodynamic properties were
not considered. Heyes et al. [105, 106] simulated both transport and thermody-
namic properties of Ar+Kr, Ar+CH,, and CH4+N,, but properties of pure fluids
were not considered. In other cases [28, 247] more complex molecules like ethy-
lene, carbon dioxide, phenol, alkanes, or carbon tetrachloride were modeled by the
spherical Lennard-Jones potential.

For 2CLJQ and 2CLJD potential models, the situation is very different. Here,
neither enough simulation results for transport properties not comprehensive com-
parison with experimental data exist. The 2CLJQ model has successfully been em-
ployed by several authors, for the description of static and dynamic (self-diffusion
coefficient) thermodynamic properties [23], free energy [234], phase equilibria of
pure [154, 223, 224, 276], binary [112, 235, 282|, and ternary mixtures [249, 280]
at moderated and high pressure, excess properties [76], virial coefficients [158] and
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Joule-Thomson inversion curves [21, 29, 30, 279]. Albeit the 2CLJQ potential is
1 of shear viscosity and thermal conductivity with the 2CLIQ

not new, the predictio
Only two works report shear

model has up to now not been explored in detail.
viscosity and thermal conductivities for 2CLJ and dipolar spherical LJ, which are
particular cases of the 2CLIQ (@ =0, L = 0), for a very limited number of states
points [114, 155]. For the 2CLJD model the situation is equivalent, this model has
been extensively used in the modeling of static thermodynamic properties such as:
vapor-liquid equilibria [45, 152, 195, 223, 224, 249|, excess properties [129], or sur-
face tension [171, 49]. Also it has been successfully applied to modeling real fluids,
yielding good results for vapor-liquid equilibria [128, 130, 152, 250|, Joule-Thomson
inversion curves [277] virial coefficients [272], and recently also for shear viscosity
and thermal conductivity of refrigerants [69]. On the other hand, transport proper-
ties for this model class have not been explored systematically. An exception is the
work of Lee and Cummings [140] on shear viscosity using the Stockmayer potential
[246], which is a subgroup (L* = 0) of the 2CLJD model fluids investigated here.
An overview of the available data for shear viscosity, bulk viscosity and thermal
conductivity in the literature, for fluids modeled with the spherical LJ, 2CLJQ, and
2CLJD potentials is given in Table 4.1.

Table 4.1: Literature data for shear viscosity of spherical LJ, 2CLJQ, and 2CLID
fluids. EE: Einstein equation. GK: Green-Kubo equation. NEMD: Nonequilibrium
molecular dynamics technique.

Author Year Method Ensemble  Model Fluid  Property
Present work 2006 GK NVE/NVT 2CLJQ-D Binary 1, 1, A
Ashurst [9] 1975 NEMD - Ll Pure: ",
Borgelt [16] 1990 GK NVE LJ Pure 1,7 A
Canales [19] 1999 GK NVT LJ Pure 7, 1 A
Erpenbeck [33] 1988 GK NVT LJ Pure. . 1,
Evans [56) 1981 NEMD NVT LJ Pure 1,
Evans [39] 1986 NEMD NVT LJ Pure A
Evaﬂs- [61] 1989 NEMD NVT LJ Eure =iy
Ferrario [71] 1991 GK NVE L] Pure Y}s
Gardner [83] 1991 EE NVE LJ Binary n:, A
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Table 4.1: Continued.

Author Year Method Ensemble  Model Fluid  Property
Heyes [98] 1980 NEMD NVT L] Pure 7,

Heyes [09] 1983 EE NVE LJ Pure 7,

Heys  [100] 1984 NEMD < LI Pure s, A
Heyes [101] 1986 NEMD NVT LJ Pure 75, mp, A
Heyes [102] 1987 EE NVT LJ Pure 7,

Heyes [103] 1988 GK NVT LJ Pure 75, A
Heyes [104] 1990 GK NVE LJ Pure 75, A
Heyes [t05] 1991 EE/GK NVT LJ Binary 7, 75, A
Heyes [106] 1992 GK NVT LJ Binary s, My, A
Heyes  [107] 1993 GK NVE LJ Pure 1, T A
Hoheisel [114] 1990 GK NVE 2CLJQ  Pure 7 My A
Holian [116] 1983 GK/NEMD NVT L] Pure Ns
Hoover  [117] 1980 GK/NEMD NVE LJ Pure Ney T
Lee [139] 1993 NEMD NPT/NVT LJ Binary s

Lee [140] 1996 NEMD NPT 1CLJD Binary s

Lee [141] 2001 NEMD NPT 1CLJQ-D Binary ns

Lee (142] 2001 NEMD NVT 2CLJ Binary 7,

Lee [145] 2004 EE/GK/NEMD NPT/NVT LJ Pare =« mytA
Levesque [148] 1973 GK NVE LJ Pure s
Levesque [149] 1987 GK NVE L Pure My A
Luo [155] 1991 GK NVE 2CLJQ pure Tss Tl A
Meier [172] 2001 EE NVE LJ Pure s

Meier  [173] 2002 EE NVE L] Pure 7 7 A
Meier [175] 2004 EE NVE LJ Pure 17,
Michels  [184] 1985 GK NVE LJ Pure s

Moon  [192] 1991 GK/NEMD NVT LJ Pure 7 A
Murad [196] 1991 NEMD NVT 2CLJ Pure A

Pas [207] 1991 GK NVT LJ Binary s, M A
Rowley [220] 1997 EE NVT LI Pure s
Schoen  [229] 1985 GK NVE L] Pure s
Sharma  [233] 1991 - NVT LJ Pure  %:

Singer  [241] 1980 NEMD = LJ Pure  7s
Stassen  [244] 1995 GK NVE LJ Pure 7,

Trozzi  [265] 1984 NEMD ” LJ Pure 17
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The aim of this chapter is the quantitative evaluation of the performance of
molecular models [250, 278}, which have been optimized for the accurate prediction
of vapor-liquid equilibria, in the description of transport properties. In this chapter,
EMD is used to carry out a comprehensive comparison, of shear and bulk viscosity
and thermal conductivity of pure fluids and binary mixtures of noble gases and
methane, quadrupolar and dipolar fluids with experimental data. The molecular
models are taken from [250, 278]. These models were adjusted only to vapor-liquid
equilibria and yield accurate descriptions of static thermodynamic properties over a
wide range of temperatures and densities.

4.2 Results

4.2.1 Shear and bulk viscosity and thermal conductivity of
simple fluids

In this section the prediction of shear and bulk viscosity and thermal conductivity are
compared pointwise with experimental data. For the shear viscosity the correlation
of Rowley et al. [220, 221], which is based on molecular simulation results, was also
used.

Fig. 4.1 shows the results for the shear viscosity of Ar, CHy, Kr, and Xe in
comparison with experimental data. Data are reported at different temperatures
in homogeneous states and were taken from Vargaftik [270] for the noble gases and
from Evers et al. [63] for CHy. Overall, very good agreement between simulation
and experimental data is found. The lowest relative deviations are found for Ar
and Kr with a few percent at lower densities. Also the results of shear viscosity
of Xe and CHy4 show very good agreement at low density, however, as the density
increases, the deviations from the experimental data reach up to about 15 % for Xe
and about 20 % for CHy. Tt can be observed that the simulations for CHy, Kr, and
Xe tend to underestimate the experimental viscosities as the density increases. This
underestimation is larger in the results given by Rowley’s correlation for the shear
viscosity.

Fig. 4.2 shows the results for the shear viscosity of the binary mixtures Ar+Kr
and Ar+CH, for two temperatures, the experimental data were taken from Mikhai-
lenko et al. {186, 187). Good agreement between simulation and experimental data is
fom'1d : For the mixture Ar+Kr the typical deviations are about 10 % and the highest
deviations occur for Kr-rich state points. The predictions for the mixture Ar+CH,
s.ho*-;&r a better agreement with the experimental data than those for Ar+Kr. Typical
d.ewatic?ms of the mixture Ar+CH, are about 10 % at 100 K and 6 % at 120 K,
simulations performed at one intermediate temperature (T =110 K) confirm that
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Figure 4.1: Shear viscosity of Ar, CHy, Kr, and Xe predicted by molecular simu-
lation (full symbols) compared to experimental data (empty symbols) [63, 270]. Ar
T=30KaA;CHy T=100K-293.15 K $; Kr T =230 KE; Xe T =270 K V¥,
correlation of Rowley et al. [220] — .

better agreement between simulation and experiments is found as the temperature
increases. The comparison of the present simulations with previous simulations of
Heyes [105, 106], shows a comparable agreement for the mixture Ar+Kr, however,
in the mixture Ar+CHy the present simulations show better agreement than those
of Heyes, specially in CHy-rich state points, cf. Fig. 4.2.

Fig. 4.3 shows the results for the bulk viscosity of Ar, CHy, Kr, and Xe in
comparison with experimental data. The experimental data are reported at differ-
ent temperatures and were taken from Cowan et al., Malbrunotet et al., Cowan et
al. and Singer [32, 33, 165, 239]. The agreement is poor. Neither the density de-
pendence nor the absolute value of 7, predicted by molecular simulation agrees with
the experimental data. The best results for 7, are achieved at the low temperatures
and high densities for Kr. In this case the typical error is about 13 %, even here the
density dependence in not predicted correctly.

For the other fluids, the predictions are lower than the experimental data by
about 50 %. Likewise, the experimental data of bulk viscosity show a stronger de-
pendence on the density than the simulations. It must be pointed out here, however,
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Figure 4.2: Shear viscosity of the mixtures Ar+Kr (top) and Ar+CHy (bottom)
predicted in the present work by molecular simulation: ¢ T = 100, 120 K, o T = 120,
140 K, compared to simulation data [106]: ¢ 7 = 120, 140 K, M T = 100, 120 K,
and experimental (empty symbols) [186. 187). The lines are a guide for the eve.

that the method to measure the bulk viscosity by means of acoustic absorption of
sound waves, involves considerable error [86]. Among the quoted experimental data,
the Kr data are claimed to be the most accurate with an error band of about 25 %,
for the remainder error bands of up to 40 % can be assumed. In the light of the fact
that these simple molecular models describe both the thermal and caloric properties
accurately [278] as well as the transport properties self-diffusion [65], shear viscosity
and thermal conductivity (see below), it can be argued that the deviations found
for the bulk viscosity hints to highly inaccurate measurement.

Fig. 4.4 shows the results for bulk viscosity of the binary mixtures Ar+Kr and
Ar+CHy. The agreement is again poor. Neither the composition dependence nor the
absolute value of 7, predicted by molecular simulation agrees with the experimental
data. The best results for o are achieved at the lowest temperature for the mixture
Ar+Kr. In this case, a discrepancy of about 50 % is found. In agreement with the
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Figure 4.3: Bulk viscosity of Ar, CHy, Kr, and Xe predicted by molecu-
lar simulation (full symbols) compared to experimental data (empty symbols)
[32, 33, 165, 239]. The lines are a guide for the eye. Ar T' = 100 K - 145 K a;
OH;T=100K-293.15K ; Kr T =116 K - 130 K l; Xe T = 165 K - 265 Kv.

results for pure Aluids, it is found that the predictions are much too low in comparison
to experimental data. Previous work on these mixtures by Heynes et al. [105, 106]
confirms lower values from simulation, cf. Fig. 4.4.

Fig. 4.5 shows the results for the thermal conductivity of Ar, CHy, Kr, and Xe in
comparison with experimental data. The data are reported at different temperatures
along the bubble line and were taken from Vargaftik et al. [270]. Overall, very good
agreement between simulation and experimental data is present. The lowest relative
deviations are found for Ar and Xe, typical values are 4 % for Ar and 7 % for Xe.
The deviations for Kr and CH, reach up to about 20 %, no tendency is observed in
these deviations. The good agreement for CHy is especially remarkable, considering
that the molecular model is very simplified and does not consider the contribution
of rotation or internal degrees of freedom [60, 263, 281].

Fig, 46 shows the results for the thermal conductivity of the binary mixtures
Ar+Kr and Ar+CH for two temperatures, the experimental data were taken from
Mikhailenko et al. [186, 187]. In general, good agreement between simulation and
experimental data is found. Due to the error introduced by the partial molar en-
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Figure 4.4: Bulk viscosity of the mixtures Ar+Kr (top) and Ar+CH, (botton)
predicted in this work by molecular simulation: e T = 120, 140 K, A T =100, 120
K, compared to simulation data [106]: @ T = 100, 120 K, and experimental data
(empty symbols) [186, 187]. The lines are a guide for the eye.

thalpy, the statistical uncertainty of the thermal conductivity was estimated as 5 %,
For the mixture Ar+Kr the typical deviations are about 5 % at 120 K, and about
7 % at 140 K. For most of the simulated state points, these deviations lie within the
uncertainty bars. For the mixture Ar+CH, a better agreement is found than for the
mixture Ar+Kr. Over the whole composition range, simulation and experiment for
Ar+CHy agree within the statistical uncertainties. The comparison of the present

simulations with previous simulations of Heynes [105, 106] shows good agreement,
cf. Fig. 4.6.
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Figure 4.5: Thermal conductivity of Ar, CHy, Kr, and Xe predicted by molecular
simulation (full symbols) compared to experimental data (empty symbols) [2701
The data correspond to bubble points reported at different temperatures. Ar T' =
NWK-140K a; CH T = 100 K - 180 K #; Kr T = 140 K - 184 K W; Xe
T=1T0K-27T0K V¥ .
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Figure 4.6: Thermal conductivity of the mixtures Ar+Kr (top) and Ar+CH;
(bottom) predicted by molecular simulation: & T = 100, 120 K, A T = 120, 140
K, compared to simulation data (106]: M T = 100, 120 K, 4 T = 120 K, and
experimental data (empty symbels) [186, 187]. The lines are a guide for the eye.
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422 Shear viscosity and thermal conductivity of quadrupo-
lar fluids

In this section, the predictions for shear viscosity and thermal conductivity are
compared to correlations of experimental data. In all cases, the studied state points
carrespond to the saturated liquid. The densities as well as the reference to compare
viscosities and thermal conductivities were taken from the REFPROP program of
Lemmon et al. [146] provided by NIST. In this program, all correlations for den-
sity are based on experimental data and are accurate, deviations vary from 0.05 %
for €O, to 0.6 % for Np. On the other hand, for the viscosities and thermal con-
ductivities there exist two categories of correlations. In the first category are the
correlations for Na, O, CO,, CHg, CoHy, CoFg, and C3Hg; they are entirely based
on experimental data and show deviations from the experiment that vary from 2 %
for N up to 10 % in the case of C;Hy. Although, they fit the experimental data
within a few percent, the correlation for C,Fg could be less reliable than the others
hecause it was fitted over a limited number of data points. In the second category,
Fy, CsHy, and SFg, where no experimental data were available, an extended princi-
ple of corresponding states in a predictive form was used. These values correspond
to information contained in the REFPROP program and it only refers to the liquid
state. It must be pointed out that those correlations of experimental data are more
accurate than isolated experimental data, because the experimental scatter tends to
be compensated in correlations. That is the main reason why they were preferred
here in place of primary experimental data. Furthermore, additional experimental
data of shear viscosity for Fy [97] are included in the comparison. For reasons of
clarity, the fluids were grouped in Figs. 4.7 to 4.10 according to their density, from
low to high.

Fig. 4.7 shows the results for the shear viscosity of CaFe, SFg, CsHs, CsHy,
and CyHs. Overall, very good agreement between experiment and simulation is
found, With the exception of C;Fs, almost all results agree within their statistical
uncertainties with the correlations. The best results are obtained for C3Hg for which
the average deviation is only 4 %, for C3H,, SFs, and C,Hg the average deviations
are lower than 10 %. The poorest results are found for C2Fe being systematically
too low with an average deviation of 27 %.
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Figure 4.7: Shear viscosity of saturated liquids. The simulations are shown at
regular intervals of 0.057, where T is the critical temperature of the fuid. Simu-
lation results: C,Fs (T = 190.5 - 263.7 K): o, SFs (T = 230.0 - 286.8 K): B, CsH;
(T'=219.3 - 329.0 K): &, CaH, (T = 275.0 - 362.1 K): ¥, C;Hs (T = 1825 - 2737
K): #. Solid lines represent the results of REFPROP. [148].
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Fig. 4.8 shows the results for the shear viscosity of CoHy, CO3, Ny, O,, and Fi:
As for the fluids discussed above the agreement between experiment and simulation
is within their uncertainties, with the exception of Fz. The best results are obtained
for O, and CO; for which the average deviations are only 4 % and 5 % respectively,
whereas for Ny and C,H, average deviations of up to 10 % occur. On the other
hand, for Fa, a fluid for which thermal and caloric properties are well described
by the 2CLJQ model |278], systematic deviations from the predictive correlation,
with an average of 16 %, are observed. On the other hand, the agreement of the
simulations with the experimental data [97], cf. dash line in Fig. 4.8, is practically
within the simulation uncertainties, with an average deviation of 5 %. Here the
simulations are clearly more accurate than the predictive model, demonstrating the
predictive power of the molecular models.
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Figure 4.8: Shear viscosity of saturated liquids. The simulations are shown at
regular intervals of 0.057,. Simulation results: CoHy (T'= 169.4 - 254.1 K): e, CO;
(T = 2189 - 273.7 K): W, N, (T = 75.7 - 113.5 K): &, Oz (T = 92.7 - 130.1 K):
V,F, (T =74.4-102.9 K): ¢. The values for F include the correction of the lc-ong
time tail. Solid lines represent the results of REFPROP [146], and the dashed line
represents experimental data for Fa [97].
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Fig. 4.9 shows the results for the thermal couductivit)-f of CyHs, 92F5, 03H4
C3Hg, and SFg. Overall, good agreement between experiment and Sm_m]?tmn 15
found. For C3Hs, CsHy, and SFe almost all simulation results agree within their
statistical uncertainties, for C3Hs and CoFe the simulations are too low by about

20 %.
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Figure 4.9: Shear viscosity of saturated liquids. The simulations are shown at
regular intervals of 0.05T.. Simulation results: C,Fg (T = 190.5 - 263.7 K): o, SF;
(T = 223.0, 235 - 286.8 K): W, CsHg (T = 237.6 - 329.0 K): &, CyH, (T = 275.0-
301.8, 342.0 K): v, C,Hg (T = 182.5 - 273.7 K): 4. Solid lines represent the results
of REFPROP [146].

In Fig. 4.10 the results for the thermal conductivity of Fa, Ny, O,, CO,, and
CoHy are presented. Overall, very good agreement between the correlations of ex-
perimental data and the simulations is found, the deviations are throughout within
the simulation uncertainty. For these five fluids the average deviations between the
simulations and the correlations of experimental data are lower than 10 %.

Fig. 4.11 summarizes the results in a bar chart. With the exception of C;Fs
for shear viscosity, as well as CyF¢ and C:Hg for thermal conductivity, deviations
being lower than 10 % from the correlations are observed. These two fluids present
deviations that are about two times larger than the average, more over CyFg shows
the largest deviations both for shear viscosity and for thermal conductivity. These
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Figure 4.10: Thermal conductivity of saturated liquids. The simulations are shown
at regular intervals of 0.057;. Simulation results: C,Hy (T = 169.4 - 254.1 K): e,
00, (T = 2189 - 237.2, 255.5 - 273.7 K): W, Ny (T = 75.7 - 1135 K): A, Oz
(T =927 -100.5, 123.7 - 139.1 K): v, F; (T = 744 - 102.9 K): ¢. Solid lines
represent the results of REFPROP [146].

larger differences could reside more in the limited data set used in the correlation
for (4F g than in the performance of the molecular model used for this fluid. If these
two fuids are not considered at all, the average deviations are lower than 7 %, that
is lower that the simulations uncertainty. In general, the deviations for viscosity are
slightly larger than for thermal conductivity.

423 Long time behavior of the Green-Kubo integrals

Early simulations of hard spheres of Alder, Gass, and Wainwright [2] suggest the
existence of a long time tail in the autocorrelation function of viscosity near the phase
boundary to solidification due to the low compressibility of the liquid. This behavior
was also found in spherical Lennard-Jones fluid simulations by Levesque, Verlet, and
Kiirkijarvi [148] and later by Schoen and Hoheisel [229]. This causes problems in
the convergence of the Green-Kubo integral, since the correlation function must be
caleulated over a longer time span. As the F; state points correspond to the highest
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Figure 4.11: Average deviations of shear viscosity and thermal conductivity of
saturated liquid Fg, NQ., 02, COQ, CzH(;, CQH4, C‘ZFG, CgH,‘, C3H5, and SFS from
REFPROP [146].

density among the studied fluids, the convergence of the Green-Kubo integrals is
investigated for this substance.

Fig. 4.12 shows the calculated autocorrelation function of thermal conductivity
and its integral, cf. Eq. (2.21), at the state point T' = 74.4 K and p = 41 424 mol
m~3. These conditions correspond to 92 % of the triple point density (triple point
temperature is T = 53.4 K). The time correlation function exhibits a fast decay
during the first 0.1 10~2 ps, afterwards its rises to decay again very fast. The small
plot in Fig. 4.12 shows that the Green-Kubo integral converges approximately after
102 ps within the uncertainty of the simulation. No significant contribution to the
integral after 1072 ps was observed.
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Figure 4.12: Large plot: autocorrelation function of thermal conductivity. Small
plot; integral of the autocorrelation function for the thermal conductivity. Both
plots are for the most dense simulated state point of saturated liquid fluorine.

The autocorrelation function of shear viscosity is plotted in Fig. 4.13 for the
same state point. 1t does exhibit a long time tail. Tts influence on the shear vis-
cosify can better be seen in the small plot in Fig. 4.13, where the integrals for the
six saturated liquid densities between T = 74.4 and 102.9 K are shown. The cor-
responding thermodynamic conditions are given in Table 4.2. The simulations for
state points 4 to 6 converge approximately after 1.5 102 ps, that for state point 3
after 2 1072 ps. For state point 2 convergence is reached only after about 3 1=
ps, whereas for state point 1 it is questionable if convergence is reached at all in
the simulation run of about 4 10~2 ps. In order to overcome this problem with
reasonable computational effort, the autocorrelation function of the shear viscosity
olt)=J5¥(0) - J¥(t) /(J¥(0) - J5¥(0)) was assumed to decay exponentially for times
larger than 1.5 1072 ps. Therefore, from 1.5 1072 ps to 4 1072 ps an exponential
function of the form ¢f(t)= a . exp(—t/b) was fitted to the simulation data and
extrapolated to infinity. The choice of an exponential function can be justified by
comparison with the Enskog theory [2, 50].
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Figure 4.13: Large plot: autocorrelation function of the shear viscosity —. Fitted
function - - - - - . Small plot: integrals for all six simulated state points of saturated
liquid fluorine, numbers 1-6 refer to Table 4.2.

In this way, the shear viscosity for state points 1 and 2 was estimated as the inte-
gral over the autocorrelation function of shear viscosity ¢(t), where it is composed of
the explicitly simulated part and the fitted exponential function, i.e. olt)=p"™(1)+
¢7%(t). In Table 4.2 the estimated values of the shear viscosity for the state points
1 and 2, together with the contributions of the corrections due to the long time
behavior, An, are given. The contribution of the long time tail is about 20 % for
state point 1, and 10 % for state point 2. These contributions are in the order of
magnitude of the statistical uncertainty of the simulations. However, they improve
significantly the results indicating clearly that the contribution of the long time tail
must be considered for state points close to solidification. Otherwise, a longer cal-
culation of the autocorrelation function is necessary. However, taking into account
the inherent simulation uncertainties, which makes difficult to find the point where
the correlation function does not contribute any more to the integral, the procedure
adopted here is straightforward and economic in terms of computation time.
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Table 4.2: Shear viscosity 7 for F; calculated by molecular dynamics without long
time tail. A7 is the correction due to the long time tail, calculated by integration of
the ftted function. The numbers in parenthesis denote the uncertainty in the last

digits-

State 1 P n An
Point No. | K molm™® 10*Pas 10*Pas
1 744 41424 301 (20) 063

80.1 40422 254 (30) 0.35
85.8 39382  2.13 (30)

91.2 38295 1.84 (13)

97.3 37153  1.59 (7)

103.0 35946 1.42 (3)

o O i QO bO

424 Shear viscosity and thermal conductivity of dipolar
fluids

In this section the predictions for shear viscosity and thermal conductivity of dipolar
fuids are compared to correlations of experimental data. The investigated state
points correspond to the saturated liquid in all cases, taken at regular intervals of
0.1 T, ranging from 0.6 T, to 0.9 T, where T is the critical temperature. Densities
as well as viscosities and thermal conductivities for comparison were taken from
the REFPROP program of Lemmon et al. [146] provided by NIST. All correlations
for density are based on experimental data and are very accurate, deviations vary
from 0.05 % for R134a and R143a to 0.1 % for the other regarded fluids. Average
deviations from the REFPROP viscosity data vary from 1 % for R11 to 11 % for R41.
Similar deviations occur for the correlations of thermal conductivity, varying from
1% for R11 to 12 % for R41. These values are taken from information contained
in REFPROP and only refer to the saturated liquid state. It should be pointed out
that the correlations for R41 show the largest average absolute deviations for both
viscosity and thermal conductivity. Usually, correlations of experimental data are
more accurate than isolated experimental data, because the experimental scatter
tends to be compensated by them. Therefore, they were preferred here in place of
primary experimental data.

Fig. 4.14 shows the results for the shear viscosity of R11, R12, R123, R134a, and
R152a. Overall, good agreement between the correlations of experimental data and
simulation is found. However, the molecular models generally tend to underestimate
the experimental viscosities: with the exception of R152a, all predictions are below
the correlations. The best results are obtained for R152a and R12 for which the
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Figure 4.14: Shear viscosity of saturated liquids. Simulation results: R11 (T~
282.7 - 424.0 K): », R12 (T = 231.1 - 346.6 K): W, R123 (T = 274.1 - 4111 K):
A, R134a (T = 2245 - 336.8 K): ¥, R152a (T = 231.8 - 347.8 K): #. Solid lines
represent the results of REFPROP [146].

average deviations are 8 % and 12 %, respectively. The poorest results are found
for R11, being systematically too low with an average deviation of 21 %. Fig. 415
shows the results for the shear viscosity of R22, R23, R41, R143a, and R142b. The
performance of these molecular models is similar to that for the fluids shown in
Fig. 4.14. The best results are obtained for R23 and R143a for which the average
deviations are only 7 % and 8 %, respectively. For R22 and R41 the average devia-
tions are 10 % and 14 %, whereas for R41 the average deviation raises up to 25 %.
Here, the lower accuracy of the correlation for R41 has to be taken into account.
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Figure 4.15: Shear viscosity of saturated liquids. Simulation results: R22 (T =
221.58 - 332.37 K): o, R23 (T = 179.6 - 269.3 K): B, R4l (T = 190.4 - 285.6 K):
A, Ri34a (T = 2245 - 336.8 K): ¥, R142b (T = 246.2 - 369.2 K): #. Solid lines
represent the results of REFPROP [146].
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Figs. 4.16 and 4.17 present the results for thermal conductivity of R123, Ri134s,
R152a, R11, and R12. For the sake of clarity, the results for R11 .and R12 are showp
in Fig. 4.17. Overall, good agreement between experiment and simulation is foyng,
The best results are observed for R12 and R152a with deviations of only 5 %, Fy
R134a, R11, and R123 the average deviations are 17 %, 18 %, and 22 %, respectively,
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Figure 4.16: Thermal conductivity of saturated liquids. Simulation results: R123
| (T'=2741-411.1K): A, R134a (T'=224.5-336.8 K): v, R152a (T =231.8-3418
K): #. Solid lines represent the results of REFPROP |[146).
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Figure 4.17: Thermal conductivity of saturated liquids. Simulation results: R11
(T=282.7- 424.0 K): o, R12 (T = 231.1 - 346.6 K): I Solid lines represent the
results of REFPROP [146].

Figs. 418 and 4.19 show the results for the thermal conductivity of R22, R41,
R142b, R23, and R143a. Again for reasons of clarity the results for R23 and R143a
are shown in Fig. 4.19. The best results are found for R22, R142b, and R143a.
For the two first the deviations are within the simulation uncertainty, while for R23
and R41 deviations are 8 % and 12 %, respectively. As for the shear viscosity, the
poorest results are found for R41. A plausible explanation is the lower accuracy of
the correlation for R41 as well.
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Figure 4.18: Thermal conductivity of saturated liquids. Simulation results: R22
(T'=1221.58- 332.37 K): o, R41 (T'=1904 - 285.6 K): A, R142b (T = 246.2 - 369.2
K): ¥. Solid lines represent the results of REFPROP |[146].
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Figure 4.19: Thermal conductivity of saturated liquids. Simula_tiol? D RQ?
(T=1796 - 269.3 K): M, R143a (T = 224.50 - 336.8 K): #. Solid lines represen

the results of REFPROP [146].
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Fig. 4.20 summarizes all results in a bar chart. The average deviations for shear
viscosity and thermal conductivity are 14 % and 11 % with standard deviations
of 6 % in both cases. Although the 2CLJD models do not consider any internal
degree of freedom, the calculated thermal conductivities show on average a better
agreement with the correlations of experimental data than the shear viscosities. The
same tendency was also observed in a previous work [68] investigating anisotropic
quadrupolar molecules based on the 2CLJQ model.
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Figure 4.2q: .Average deviations of simulation results for shear viscosity and ther-
mal conductivity of saturated liquid R11, R12, R22, R23, R41, R123, R134a, R142b,

R143a, and R152a from REFPROP [146].
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4.3 Conclusion

In this chapter, the Green-Kubo formalism was used to calculate simultaneously
shear and bulk viscosity and thermal conductivity of pure nonpolar fluids and their
mixtures, and pure quadrupolar and dipolar fluids. All results were compared with
available experimental data, correlations of experimental data, and predictive meth-
ods.

A comprehensive comparison of predictions for Ar, CHy, Kr, and Xe, and the
binary mixtures Ar+Kr and Ar+CHy, with available experimental data shows good
agreement for shear viscosity and thermal conductivity of pure fluids and binary
mixtures. On the other hand, for the bulk viscosity, with the exception of pure Kr,
considerable systematic deviations between simulations and experiment occur. This
disagreement hints towards highly inaccurate measurements. The present results
support the finding that the spherical Lennard-Jones 12-6 potential is an adequate
description for the regarded noble gases and also methane, in spite of the simplic-
ity of the used model. Likewise the modified Lorentz-Berthelot combination rules
with one binary interaction parameter are an adequate description of the molecu-
lar binary unlike interaction. Furthermore, the predictions for shear viscosity and
thermal conductivity of ten pure quadrupolar fluids, i.e. Fy, Np, Oz, CO2, CyHg,
C,H,, C;Fs, CsHy, CsHg, and SF; along the bubble line, were compared with avail-
able experimental data and correlations. The comparison shows good agreement;
this is especially remarkable in the case of thermal conductivity since internal de-
grees of freedom were not taken into account. In addition, the convergence of the
Green-Kubo integrals of thermal conductivity and shear viscosity for state points
close to the solid-liquid phase boundary were investigated. The Green-Kubo inte-
gral for thermal conductivity converges to its final value quickly (after 1072) ps.
On the other hand, the Green-Kubo integral for shear viscosity shows a slow con-

vergence for state points close to the solid-liquid phase boundary. An approach to
It consists in the extrapolation of the autocor-

overcome this problem is presented. :
on; in this case an exponential

relation functions for long times with a suitable functi

function was selected. It allows correcting the truncation error of the Green-Kubo

integral with low computational cost. This correction contributes up to 20 % in the
Finally, the predictions

shear viscosity for the most dense state point studied here.

for shear viscosity and thermal conductivity of ten dipolar fluids, ie. R11, R12,
R22, R23, R41, R123, R134a, R142b, R143a, and R152a along the bubble line were
compared with predictive methods and correlations of experimental data. As the
densities were lower than for quadrupolar fluids, no convergence problem-s were ob-
served, therefore no long time tail corrections were needed. The comparison shows
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good agreement. As pointed out before for CHy, and the quadrupolar fluids, the
agreement between simulations and the correlations of experimental data is remark-
able, and even more for the regarded dipolar fluids, due to the major complexity of
the regarded molecules.

Recent results indicate that even better agreement can be obtained if transport
properties are used directly in the parameterization of the molecular potential [4].
On the other hand, the parameterization to vapor-liquid equilibria allows not only
the prediction of some static thermodynamic properties but also transport properties

with good accuracy.
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Chapter 5

Self-diffusion, Shear viscosity and
thermal conductivity of 2CLJQ and
2CLJD model fluids

5.1 Introduction

As has been seen in Chapters 3 and 4, molecular simulation is a suitable and genera
tool to predict transport properties; likewise it can be used to asses the performance
of empirical equations used to predict transport properties, e.g. the equations of
Caldwell and Babb [18], Darken [42], and Vignes [273] in Chapter 3. In the present
chapter, molecular simulation is used systematically to investigate the influence
of the thermodynamic variables: temperature and density, as well as the molecular
parameters elongation and polarity on the self-diffusion, shear viscosity, and thermal
conductivity.

Already, since the pioneering work of Alder and Wainwright et al. [1, 2] who used
molecular dynamics to investigate transport properties of hard-spheres, the poten-
tial of this method has been exploited in the development of more sophisticated
theories to predict transport properties. A first step was the discovery of the hydro-
dynamic long-time tail that implies that the molecular chaos approximation used in
the Chapman-Enskog solution of the Boltzmann equation is generally not valid [3],
afterward more advanced kinetic theories have been developed by the introduction
of the knowledge gained by molecular simulation [78, 125].

Although real fluids usually consist of polar non-spherical molecules, the most
extensive studies on transport properties have been done on the basis of very simple
molecular models, e.g. hard sphere potential [2, 53], square well potential [178, 179,
180, 181, 182, 183], steeply repulsive potential [108], or spherical Lennard-Jones

potential [99, 108].
The 2CLJQ and 2CLJD potentials are very versatile models, capable to cap-

65




Chapter 5 Transport properties of 2CLJQ and 2CLJD model fluids

ture the static thermodynamic behavior of real fluids, as it has been demonstrated
in the past. 2CLJQ models have extensively been investigated with different ap-
proaches, for example: perturbation theory [283], vapor-liquid equilibria of pure
substances [250, 278] and mixtures [249, 252, 279]. Furthermore, properties such
as Joule-Thomson inversion [277], self-diffusion and binary Maxwell-Stefan diffusion
coefficients [67], shear viscosity, and thermal conductivity [68] have reliably been
predicted by 2CLJQ models, which were parameterized using only VLE data.

In the same way, static thermodynamic properties of the 2CLJD model fluids
have extensively been investigated in the past. There are many results for vapar-
liquid equilibria [45, 195, 223, 224, 249|, excess properties [129], or surface tension
[171, 49]. 2CLJD models have successfully been applied to modeling real fluids as
well, yielding good results for vapor-liquid equilibria [128, 130, 152, 250], Joule-
Thomson inversion curves [277], virial coefficients [272], and recently also for shear
viscosity and thermal conductivity of refrigerants [69).

Despite the number of applications given to these simple potentials, transport
properties have not been systematically explored . Exceptions are the series of works
of Lee and Cummings [140, 141, 142], which investigated the effect of quadrupolar
[141] and dipolar [140] momentum and their mixture, as well as the anisotropy [142]
on the shear viscosity. The set of data given in this chapter aim to fill this gap and
bring insight in the connection between the molecular parameters of these potentials,
and the transport properties.

In this chapter, a systematic study of the influence of anisotropy, i.e. elongation
and polarity, i.e. quadrupolar or dipolar momentum on the self-diffusion coefficient,
shear viscosity, and thermal conductivity of two-center Lennard-Jones plus point
quadrupole (2CLJQ) or dipolar (2CLJD) fluids is carried out. The study is ac-
complished in the liquid region covering a broad range of temperature and density.
Polar and anisotropic effects are studied isolated on each transport property, but also
their combined effect. This work is based on the knowledge of accurate vapor-liquid
equilibria of 2CLJQ and 2CLJD fluids from [248, 251, 252].

Molecular simulations are carried out along bubble lines for different models
over a grid of reduced temperatures. Thus, a consistent comparison of the transport
i rc_)perties of different model fluids is possible and subsequently the effect of the
anisotropy and polarity can be identified.
det::-lm?::;]g;e’ﬁ :;I;:;fl:eigilg mocée[, e.g. for a real fluid like uit.rogen, is fully
mass M. But in molecular simt;lat" " ali b 278]7.311‘1 o ex'penmental o
in areduced form. Here, they ar 1olnt d o el el
are valid for all combin’atioi:s oi” rteha e e e M, B e

ese three parameters. In this form, only two
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molecular parameters remain, i.e. reduced elongation L* = L /o and reduced squared
quadrupolar momentum Q*? = @Q*/(4nepea®); as for M always the experimental
molar mass was used. The same procedure was followed for the 2CLJD model. Here,
a real substance is also fully determined by five parameters: o, ¢, L, p [248], and
the molar mass M. In the reduced form also for this model class only two molecular
parameters remain, i.e. reduced elongation L* = L/o and reduced squared dipolar
momentum 1*? = 4 /(4mepec®).

Relevant static thermodynamic properties, temperature T* = T/(e/kg) and
number density p* = po®, are also reduced in the same way. For sake of brevity,
"reduced" will be omitted in the following.

5.2 Investigated models and states

5.2.1 Quadrupolar fluids

For quadrupolar fluids, 30 different model fluids were studied, where each fluid is
fully determined by one combination of elongation L* and quadrupolar momentum
Q**. In Figs. 5.1 and 5.2 four selected systems are shown, they illustrate the covered
thermodynamic states and the influence of elongation and quadrupolar momentum
on the thermodynamic behavior of the fluids [248]. As Fig. 5.1 shows, critical
temperature and density increase with increasing quadrupolar momentum. On the
other hand Fig. 5.2 shows that these critical properties decrease with increasing
elongation. Such a behavior can also be seen for linear Kihara fluids [271].

The studied model fluids have elongations that vary from L* = 0, i.e. spherical
molecules, to 0.8, i.e. strongly elongated dumbbell-shaped molecules, in six steps,
ie.0,0.2,0.4, 0.505, 0.6, 0.8. The odd value L* = 0.505 was chosen to cover the same
model fluids as in [248]. Five quadrupolar momenta were studied that range from
Q2 = 0 to 4 with increments of unity. The upper limit of 4 is sufficient to describe
strongly quadrupolar real fluids, e.g. CO; with @ = —3.7938 DA (@ = 3.3037),
CoH, with Q = 5.0730 DA (@2 = 4), or C,F4 with @ = —7.0332 DA (Q*? = 3.9272)
[278].
For the sake of consistency, transport properties for spherical fluids, i.e. L*
were treated as two superimposed Lennard-Jones sites. This implies that temper-
atures have to be divided by 4, as well as the quadrupolar momentum, if a direct
comparison with a one-center Lennard-Jones fluid is to be made. The corresponding
conversion of self-diffusion coefficient D*, shear viscosity 7", and thermal conduc-
tivity A* for these spherical fluids is obtained dividing the present data by 2.

As temperature and number density in vapor-liquid equilibria vary strongly with
it is useful to introduce other reduced form for represent-

|

the molecular parameters,
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Figure 5.1: Phase diagrams for two selected elongated 2CLJQ fluids (L* = 0.2)
where one is non-polar and the other strongly quadrupolar. Saturated densities
taken from [252] are represented by the lines joining at the critical point depicted
by e. The state points studied in the present work are indicated by o for Q2 = 0
and by A for @*2 = 4.

ing the temperature Tp = T*/T and the density pp = p"/p:. Here, T} is the
critical temperature and pr = p*/p% the critical density of the individual 2CLJQ
fluid. Values for T and p} where taken from [248]. For each fluid, the considered
reduced temperatures along the bubble line range from Tg = 0.6 — 0.9 with incre-
ments of ATy = 0.1. In addition to those four points, another twelve points in the
homogeneous liquid region were simulated (cf. Figs. 5.1 and 5.2). In this way, also
isothermal data was generated.

With this grid of points, there are three different views of the data that yield
different information. A graphical representation of these three views is given in
Fig. 5.2. The first view denoted with the number 1, is along bubble lines. The second
denoted with the number 2, is at constant temperature, and the third denoted with
the number 3, is at constant density. These three views are presented in the same
order for self-diffusion, shear viscosity, and thermal conductivity in the following

The same views are used for the dipolar data, but for them only three points are

simulated along the bubble line, therefore only three points at constant temperature
are obtained.
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Figure 5.2: Phase diagrams for two selected quadrupolar 2CLJQ fluids (@** =1)
where one is spherical and the other strongly elongated. Saturated densities taken
from [252] are represented by the lines joining at the critical point indicated by e.
The state points studied in the present work are depicted by o for L* = 0 and by
Afor L* = 0.8. The arrows denoted with the numbers from 1 to 3, show the views
used to discuss the data in the following.

5.2.2 Dipolar fluids

For dipolar fluids, 38 different were studied, where each fluid is fully determined by
one combination of elongation L* and dipolar momentum 2. Simulations at twelve
liquid state points were carried out for each model fluid.

The studied model fluids have elongations that vary from
molecules, up to L* = 1, i.e. strongly elongated dumbbell-s
seven steps, i.e. 0, 0.2, 0.4, 0.505, 0.6, 0.8, 1. For Stockmayer fluids, seven dipolar
momenta from u*? = 0 to 20 were considered. For fluids with L* = 0.2, six dipolar
momenta from p"? = 0 to 16 and for larger elongations five dipolar momenta from
1% = 0 to 12 were taken into account. The upper limit of u*? = 12 for elongations in
the range L* = 0 — 1 is sufficient to describe strongly dipolar real fuids, e.g.- CCIF3
with s = 18261 D (4*? = 3.4932), CCIsF with p = 2.7009 D (u*? = 3.6250), or
CH;F-CF; with p = 3.0214 D (u*? = 8.0004). Very high dipolar momenta from
42 = 16 to 20 were only consider for fluids with small elongation, because they are

tealistic only for such molecules [250].

L* = 0, i.e. spherical
haped molecules, in
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Following the strategy adopted for 2CLJQ fluids, spherical fluids, ie. L* =0,
were also treated as two superimposed Lennard-Jones sites. Therefore, to compare
with one center Lennard-Jones results the temperature has to be divided by 4 as
well as the dipolar momentum. Also the values of self-diffusion coefficient D", shear
viscosity 7%, and thermal conductivity A* have to be divided by 2.

In analogy with the previous for 2CLJQ fluids, the reduced form of temperature
T4 =T*/Tr and the density pr = p*/p} was used. Where the critical temperature
T and density p} of the individual 2CLJD were taken from [248, 252].

8 1 L*=0.2 o

—T

0.0 0.2 04 0.6 0.8
*
P
Figure 5.3_‘: Phase diagrams for two selected elongated 2CLJD fluids (L* = 0.2)
where one is non-polar and the other strongly dipolar. Saturated densities, taken

from_[252],. are represente:d by the lines joining at the critical point depicted by .
The investigated state points are depicted by o for 4*2 = 0 and by A for p*2 =12,

For each fluid, three state points along the bubble line were studied from T = 0.6
to ‘0.9 with temperature increments of ATg = 0.15. In addition, another nine state
points were studied in the homogeneous liquid on three isochors, starting from these
th.ree‘ bubble points with temperature increments of ATy = 0.’15 of. Fig.5.3. This
grid is less dense than the one used for 2CLJQ fluids, however, as ,mo;e modef. fluids
are regarded here, both present roughly the same number of ;lata points.

: Forlquadrupola.r fluids critical and bubble densities increase monotonously with
inereasing quadrupolar momentum [248], but dipolar fluids behave different [252].
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Fig. 5.4 illustrates the variation of the bubble density, for three reduced tem

as a function of the dipolar momentum for Stockmayer fluids (L* = 0) ;: mtmtfs
seen, the critical density, i.e. bubble density at Tr = 1.0, increases up‘t.o *(‘;ai SE
but decreases for higher dipolar momenta. At Tr = 0.9 and below th: cri;(‘ai
densities are larger than those of unpolar fluids in all cases. These tendencies are
also found for elongated fluids. The influence of elongation on phase behavior does
not differ from that observed in quadrupolar fluids, i.e. bubble densities decrease
monotonously with increasing elongation [248].

0 5 10 15 20

Figure 5.4: Saturated liquid density of Stockmayer fluids (L* = 0) for three reduced
temperatures (T = 0.6, 0.9, 1.0) as functions of the dipolar momentum. The
solid lines indicates the overall correlation in [251], whereas the symbols are from
correlations fitted to each model fluids VLE individually.
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5.3 Results
5.3.1 Transport properties for 2CLJQ model fluids

In this section, the results for self-diffusion, shear viscosity, and thermal conductivity
for the 2CLJQ fluids are presented. Numerical data are given in Appendix B.1 for
elongations from L* = 0 to 0.8 and quadrupolar momenta from @' = 0 to 4. The
effects of elongation, quadrupole momentum, temperature, and density are discussed
in the following for each transport coefficient separately.

The accuracy of the calculated transport properties decreases in the sequence self-
diffusion coefficient, shear viscosity, thermal conductivity. The high accuracy of the
self-diffusion coefficient, lower than 3 %, is due to its individual nature [95]. Shear
viscosity and thermal conductivity are collective properties, consequently they show
for the same simulation time and system size larger uncertainties, that are around 8
and 12 %, respectively. In most simulations of the present work the autocorrelation
function of thermal conductivity decays faster than that for shear viscosity, but
fluctuate more.

Other factors that influence the accuracy of the reported data are elongation
and quadrupolar momentum. In particular, at low temperatures, for fluids with
large elongations and strong quadrupolar momentum, the transport coefficients show
larger uncertainties. Details of the calculations are given in Appendix A.2.

In the following, the result are discussed for nine selected fluids, covering the
hole range of the two molecular parameters, from spherical (L* = 0) over elongated
to strong elongated (L* = 0.8) fluids with varying quadrupole momentum Q*? =0,
2, and 4. A subset of six fluids is taken in some cases only due to graphical reasons.

Self-diffusion

Figs. 5.5 and 5.6 illustrate the self-diffusion coefficient along bubble lines for nine
selected fluids. The results can either be discussed in terms of reduced density
pr = p*/p: as in Fig. 5.5 or in terms density p* as in Fig. 5.6. From Fig. 5.5 it can be
seen that the regarded range of reduced density is similar for all fluids, but significant
deviations from the simple principle of corresponding states are present also for the
density. At constant Tk, it can be discerned that the self-diffusion coefficient always
decreases with increasing elongation and quadrupolar momentum. A better visibility
of the data (which is even more needed for the less accurate properties shear viscosity
and thermal conductivity) is obtained when it is plotted over number density in 5.6.

Therefore, this graphical representation is preferred as before for 2CLJQ fluids in
the following.
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Figure 5.5: Self-diffusion coefficient
Is) 2CLJQ fluids over the reduced density

elongated (L* = 0.505, 0.8, full symbo
along bubble lines. Reduced temperatures vary from Tr = 0.6 to 0.9.
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As Fig. 5.6 shows, D* decreases with increasing density along ‘bubble lines (where
with increasing density also the temperature decreases), cf. F 1% 5.2 arro.w 1t .It
is an important result of the present study that the seli-diffusion coefficient lies
roughly along the same line for a given elongation, independent of the quadrupolar

momentum.

o Q*=0
A Q:2 =2
Q**=4

0.4 1

L*=0.505

J

0.0

—

0.3 0.4 05 0.6 0.7 08 0.9
p

Figure 5.6: Self-diffusion coefficient of spherical (L* = 0, empty symbols), elon-
gated (L* = 0.505, grey symbols), and strongly elongated (L* = 0.8, full symbols)
2CLJQ fluids over density along bubble lines. Reduced temperatures vary from
Tr = 0.6 to 0.9, Lines are guides for the eye.

—t

*

Fig. 5.7 shows the dependence of D* on density for the same nine fluids in
the homogeneous liquid region at a constant reduced temperature of Ty = 0.9,
cf. Fig. 5.2 arrow 2. Note that the density range is the same as in Fig. 5.6. Along
this isotherm D* decreases with increasing density, resembling the behavior of D*
along bubble lines for a given elongation. Comparing D* along bubble lines with
isothermal data for an identical density variation, cf. Fig. 5.6 and 5.7, it is found
that the density effect dominates with a contribution of 80 %.

Furthermore, comparing two points with similar density and the same quadrupc-
lar momentum along curves describing different elongations, cf. curves for L* = 0.505

and L* = 0.8 in Fig, 5.7, it can be observed that D* decreases with increasing elon-
gation.
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Figure 5.7: Self-diffusion coefficient of spherical (L* = 0, empty symbols) and
elongated (L* = 0.505, 0.8, full symbols) 2CLJQ fiuids over number density in
homogeneous liquid states at Tp = 0.9. Lines are guides for the eye.

*

Fig. 5.8 shows the dependence of the self-diffusion coefficient on temperature at
different constant densities for a subset of six fAuids. The isochors correspond homo-
geneous densities starting on the bubble line at the reduced temperature T = 0.6,
of. Fig. 5.2 arrow 3. Along the isochors the self-diffusion coefficient increases linearly

e curves respect to reduced temperature

with increasing temperature. The slope of th
ond to

s almost constant for a given elongation, where the less steeply slopes corresp
the more elongated fluids. Such a linear dependence of D* on temperature has also
been reported by other authors for Lennard-Jones fluids [147], Kihara Auids [157],

and two-center Lennard-Jones fluids [240].
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Shear viscosity

Fig. 5.9 illustrates the shear viscosity along bubble lines for the nine selected fluids,
At constant T, it is found that the shear viscosity decreases with increasing elonga-
tion. Again it is found that the results for a given elongation lie roughly along one

line independent of @*2, where, as expected, they increase with increasing number
density.

16'[_

°© Q*=0
& o2
O QY=4
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p*
Figure 5.0: Shea!- V}scos]ty of spheric&] (L‘ = DY empt_y symbols), elongated (L" =
305, grey symbols), and strongly elongated (L* = 0.8, full symbols) 2CLIQ fuids
Over nummber density along bubble lines. Reduced temperatures vary from T = 0.6
1009, Lines are guides for the eye.

The density dependence of shear viscosity in the homogeneous liquid region is
lustrated in Fig. 5.10 at T = 0.9. Comparing the variation of 7" along bubble lines
ad along isotherms in the same way as for D", it is found for non-polar fluids that
the density effect is responsible for about 80 % of the increase of n* along the bubble
line. For quadrupolar fluids, however, the temperature influence becomes more
mportant and it contribution is about 40 %. Furthermore, comparing two points
¥ith similar density and the same quadrupolar momentum along curves descFibmg
different elongations, cf. curves for L* = 0.505 and L* = 0.8 in Fig. 5.10, it can
be observed that n* increases with increasing elongation. Moreover, a closer look
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at two points with similar density along the curve L* = 0 shows a trend to higher

values of n* for fluids with stronger quadrupolar momentum.
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Fi;gure 5.10: Shear viscosity of spherical (L* = 0, empty symbols), elongated
(L* = 0.505, grey symbols), and strongly elongated (L* = 0.8, full symbols) 2CLIQ

fluids over :‘mmber density along bubble lines in the homogeneous liquid state at
Tr = 0.9. Lines are guides for the eye.

Fig. 5.11 shows the dependence of shear viscosity on reduced temperature for a
subset ?f six fluids along isochors with similar values in terms of pr. As expected,
stfea: viscosity decreases with increasing temperature. Strongly quadrupolar uids,
with an about threefold higher shear viscosity in the cold liquid, are more sensitive
to temperature, exhibiting larger slopes. :
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Thermal conductivity

Fig. 5.12 illustrates the thermal conductivity along bubble lines for the nine se-
lected fluids. Again, the data lie roughly along single lines for a given elongation,
but considering simulation uncertainties not more than a linear dependence can be
discerned. Thermal conductivity has the same basic trends like shear viscosity.
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Figure 5.12: Thermal conductivity of spherical (L* = 0, empty symbols), elongated
(L* = 0, grey symbols), and strongly elongated (L* = 0.8, full symbols) 2CLIQ

fluids over density along bubble lines. Reduced temperatures vary from Tg = 0.6 to
0.9. Lines are guides for the eye.

Fig. 5.13 shows the density dependence in the homogeneous liquid at Tz =0.9.
It can be seen that the curves resembles those along bubble lines, underlining the
dominant effect of density there. Furthermore, comparing two points with similar
density and the same quadrupolar momentum along curves describing different elon-
gfa,tions cf. Fig. 5.13, it can be observed that A* increases with increasing elongation.
Similar results have been reported by Tokumasu et al. [263] who studied the non-
polar 2CLJ potential but at different thermodynamic conditions. In their analysis,
Tokumasu et al. reduced A\* by critical temperature and critical density, to isolate

T:he effect O.f elongation and found that this type of reduced thermal conductivity
Increases with increasing elongation.
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=L =24 and 2CLJD model fluids

Taking a closer look at two points with similar density along the curve I* — ¢ or
[*=0505 in Fig. 5.13 reveals a trend to higher values of A* for Auids with stronger
quadrupolar momentum.
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Figﬂre 5.13: Thermal conductivity of spherical (L* = 0, empty symbols), elongated
LL_': 0.505, grey symbols), and strongly elongated (L* = 0.8, full symbols) 2CLJQ
fiuids over density in homogeneous liquid at Tg = 0.9. Lines are guides for the eye.

Fig. 5.14 shows isochoric data with similar values in term of pr for a subset of six
fiuids, where the effect of temperature on A* is small. Taking the statistical uncer-
tainty and the scatter of the data into account, hardly any trend can be discerned.
Experimental results [242, 243] show that thermal conductivity at constant density
increases with increasing temperature, but the variation is very small in the liquid
fegion. However, an increase of A\* with increasing quadrupole momentum can be
Seen.
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Figure 5.14: Thermal conductivity of spherical (L* = 0, empty symbols) and

-strongiy elongated (L* = 0.8, full symbols) 2CLJQ fluids over reduced temperature

in homogeneous liquid along different isochors. o: p* = 0.8062, A: p* = 0.8483, ¢

;‘; = 0.9143, : p* = 0.4302, &: p* = 0.4513, : p° = 0.4800. Lines are guides for
e eye.
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5.3.2 Transport properties for 2CLJD model fluids

Numerical data for self-diffusion coefficients, shear viscosity, and thermal conduc-
tivity for the 2CLJD fluid are given in the Appendix B.2, for spherical fluids with
dipolar momenta from p*? = 0 to 20, for slightly elongated fluids L* = 0.2 with
dipolar momenta from p*? = 0 to 16, and for elongated Auids from L* = 0.4 to
1 with dipolar momenta ranging from p*2 = 0 to 12. As before for 2CLJQ fuids,
the discussion here uses data corresponding to state points along bubble lines, and
homogeneous liquid states partially included in Figs. 5.17, 5.18, 5.20, 5.21, 5.23, and
5.24.

The accuracy of the calculated transport properties decreases in the sequence
self-diffusion coefficient, shear viscosity, and thermal conductivity. Again the re-
sults obtained for the self-diffusion coefficient are the most accurate, with statistical
uncertainty lower than 3 %. Shear viscosity and thermal conductivity show uncer-
tainties of around 8 % and 12 %, respectively. This set of data is slightly more
accurate for thermal conductivity than those for 2CLJQ, due to the larger number
of correlation functions used in the calculations. In the same way as for 2CLJQ
fluids, the accuracy of the reported data depends on the sate points, elongation,
and dipolar momentum. In particular, at low temperatures, for fluids with large
anisotropy and strong dipolar momentum, the transport coefficients show larger
simulation uncertainties. Detail of the calculation is given in Appendix A.2.

Self-diffusion

Figs. 5.15 and 5.16 illustrate the self-diffusion coefficient along the bubble line for ten
selected fluids. The results can either be discussed in terms of reduced density pr as
in Fig. 5.15 or in terms of number density p* as in Fig. 5.16. From Fig. 5.15 it can
be seen that the regarded range of reduced density is similar for all fluids, but here
even more significant deviations from the simple principle of corresponding states of
two parameters are also present for the density. At constant Tg, it can be discerned

that the self-diffusion coefficient always decreases with increasing elongation. The
ease the self-diffusion coefficient. A better

dipole, however, can either decrease or incr :
ies shear

visibility of the data (which is even more needed for the less accurate propert e

viscosity and thermal conductivity) is obtained when plotted 0""3‘1' number de.nsﬂy

in Fig. 5.16. Therefore, this graphical representation is I’f‘ffﬁrm‘lj in the follo?)nr;gk;l
AsFig. 5.16 shows, D* decreases with increasing number density along the buboie

line. Self-diffusion coefficients of fully elongated fuids lie roughly along tk}ie S;::

line as observed for quadrupolar fluids in the pre analye S1o 8

of the dipole momentum, it is helpful to compare

vious section. To
the bubble densities of Stockmayer
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fluids in Fig. 5.4, where the influence is most visible, with the corresponding self-
diffusion coefficient in Fig. 5.16. The self-diffusion coefficient shows a minimum for
for Stockmayer fluids with p*2 ~ 6 at all three temperatures. The bubble densities
of Stockmayer fluids also show a peculiar behavior: maxima at T = 0.9 and 1, and
a point of inflexion at Tr = 0.6. As the self-diffusion coefficient of of non-polar fluids
decreases with increasing density, it can be concluded that the isolated effect of the
dipole is to increase the self-diffusion coefficient. Note that only for full elongated
fluids the dipolar momentum does not affect significantly.
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Pr
Figure 5‘.15: Self-diffusion coefficient of spherical (L* = 0, empty symbols), elon-
gated (L* = 0.505, grey symbols), and strongly elongated (L* = 1, full symbols)

2CLJD fluids over reduced density along bubble lines. Reduced temperatures vary
from Tg = 0.6 to 0.9. Lines are guides for the eye.
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1as
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il ﬂu;j .505, grey symbol_s), and strongly elongated (L* = 1.0, full symbols)

s s over numl}er density along bubble lines. Reduced temperatures vary
r=0.6 to 0.9. Lines are guides for the eye.

; ij"lg. 5:17 shows the dependence of D* on number density in the homogeneous
quid }‘eglon at constant reduced temperature of Tg = 0.9. Note that the density
rmge is the same as in Fig. 5.16. Along this isotherm D* decreases slightly hyper-
bolic with increasing density, resembling the behavior of D* along bubble lines for
along bubble lines with isothermal data for the

a given elongation. Comparing D*
ty is the dominant variable, being

same density variation, it is concluded that densi
responsible for about 80 % of the variation in D*.
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_—
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*
P
Figure 5.17: Self-diffusion coeficient of spherical (L* = 0, empty symbols), elon-
gated (L* = 0.505, grey symbols), and strongly elongated (L* = 1, full symbols)

2CLJD fluids over number density in homogeneous states at Ty = 0.9. Lines are
guides for the eye.
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Fig. 5.18 shows the

dependence of the self-diffusion coefficient on reduced tem-

perature for & subset of six selected fluids at different isochors. Thege isochors
corzespond to bubble densities at the reduced temperature Tr = 0.6, of. Fig. 5.3,
which have similar values in terms pp. It can be seen that the self-diffusion co-
eficient decreases monotonously with increasing dipole momentum for elongated,
whereas for Stockmayer fluids, D* again exhibits a minimum at intermediate dipole
uomenta. Along an isochore, the self-diffusion coefficient increases linearly with in-
treasing temperature. The gradients with respect to reduced temperature are almost
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Figure 5.1g: Self-diffusion coefficient of spherical (L* = 0, empty symbols) an

strougly elongated (Z,*
I homogeneons liquid
#"=08456. Lines are

= 1.0, full symbols) 2CLJD Ruids over reduce:i texgggg;tug?
along different isochors. o: 2t = 08062, A: p*= 0. Lo
guides for the eye.
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Shear viscosity

Fig. 5.19 illustrates the shear viscosity along bubble lines for the ten selected fluids.
In contrast to quadrupolar fluids, shear viscosity results for fluids with a given
elongation, but different dipolar momentum, are not along a single line. At constant
T, shear viscosity increases considerably with increasing dipole momentum. In
accordance to quadrupolar fluids, more elongated molecules have generally a lower
shear viscosity along the bubble line. The extremely high values of shear viscosity
found for high dipole momenta (u*? = 20) at low temperatures are remarkable.

¥

03 04 05 06 07 08 0.9
)

Fl‘gure 5.19: Shear viscosity of spherical (L* = 0, empty symbols), elongated
(L_ = 0.505, grey symbols), and strongly elongated (L* = 1, full symbols) 2CLJD
fluids over number density along bubble lines. Reduced temperatures vary from
Tr = 0.6 to 0.9. Lines are guides for the eye.

*
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Fig. 5.20 illustrates the isolated effect of density on shear viscosity for th
ten selected fluids in the homogeneous liquid region at Th = 0.9. Com ar'e S‘mﬁe
wariation of #* along bubble lines and along isotherms in the san;e wa, I;s ;‘ng lt)*e
itis found that the density is responsible for about 80 % of the 'mcreas: of *Orl :
ght; bub.bie line. Exceptions are the shear viscosities of strongly dipolar Stogkn?aoneg
fluids with p*2 = 16 and 20. These points are very sensitive to temperature chan 3;;
where t‘he contribution of density is only about 10 % for u*? = 20. Fhrthermfre,
comparing two points with similar density and the same dipolar momentum a.lon,
curves describing different elongation, cf. curve L* = 0.505 and £* = 1 in Fig. 5 Zﬂg
it can be discerned that 5* increases with increasing elongation. o
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Fi§“fe 5.20: Shear viscosity of spherical (L* = 0, empty symbols), elongated
(£ = 0.505, grey symbols), and strongly elongated (L* = 1, full symbols) 2CLJD
0.9. Lines are guides for

f};ﬂds over number density in homogeneous liquid at Tk =
E eye.

viscosity on reduced temperature for
lues in terms of Tk.
e. Non-polar

Fig. 5.21 shows the dependence of shear
& subset of six fluids along different isochores, with similar va
As expected, the shear viscosity decreases with increasing temperatur
fluids show Jittle temperature dependence. On the other hand, strongly dipolar
fuids, with an ahout two-fold higher shear viscosity than non-polar fluids in the
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cold liquid, are more sensitive to temperature exhibiting larger slopes.
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Figure 5.21: Shear viscosity of spherical (L* = 0, empty symbols) and strongly
elongated (L* = 1.0, full symbols) 2CLJD fluids over reduced temperature in ho-
mogeneous liquid along different isochors. o: p* = 0.8062, A: p* = 0.8327, &
p* = 0.8456. Lines are guides for the eye.
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Thermal conductivity

Fig. 5.22 illustrates the thermal conductivity along bubble lines. The thermal con-
ductivity increases with increasing density. In contrast to quadrupolar fluids, the
data for a constant elongation do not lie along a single line here. It can best be seen
for Stockmayer fluids that A vary depending on the dipolar momentum, between a
lower and upper limit. The region between these limits seems to become narrower
& the elongation increases, cf. curves for L* = 0.505 and L* =1 in Fig. 5.22.
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Figure 5,22: Thermal conductivity of spherical (L* = 0, empty symbol;) 1}3)102‘13?3;;
(L* = 0.505, grey symbols), and strongly elongated (L* = 1.0, full symbols

fiuids over number of density along bubble lines. Reduced temperatures vary from
Tr=0.6to 0.9. Lines are guides for the eye.
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Fig. 5.23 shows the density dependence of the same ten fluids in the homogeneous
liquid at Tr = 0.9. As can be seen, the curves resemble those along bubble lines,
¢f. Fig. 5.22, demonstrating the dominant density effect. A closer look to two points
with similar density along curves describing the same elongation but different dipolar
momentum, reveals that the points with lower and higher dipolar momenta give
the lower and higher values for A*, respectively. Similar results were found for
quadrupolar fluids in the previous section.
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Figure 5.28: Thermal conductivity of spherical (L* = 0, empty symbols), elongated
(L* = 0.505, grey symbols), and strongly elongated (L* = 1.0, full symbols) 2CLID
fluids over number density at T = 0.9. Lines are guides for the eye.

Fig. 5.24 shows weak dependence of \* through isochoric data for a subset of six
fluids. Taking the statistical uncertainty and the scatter into account, hardly any
trend can be discerned. For a constant elongation, however, an increment in the

thermal conductivity with increasing dipolar momentum can be observed, which is
in agreement with the chservation in the previous figures.
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o6 07 08 09 10 1.1

T

Figure 5.24: Thermal conductivity of spherical (L* = 0, empty symbols) and
strongly elongated (L* = 1.0, full symbols) 2CLJD fluids over reduced temperature
i the homogeneous liquid along different isochors. o: p" = 0.8062, A: p° = 08327,
0: p* = 0.8456. Lines are guides for the eye. Lines are guides for the eye.
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5.4 Conclusion

In this chapter a systematic study of the influence of polarity and anisotropy on
self-diffusion coefficient, shear viscosity, and thermal conductivity was carried out.
In addition, a comprehensive data set, which shows the isolated effect of quadrupole,
dipole, and anisotropy and also the combined effect of these on self-diffusion, shear
viscosity, and thermal conductivity, was generated. The statistical uncertainty of
the reported data varies with the transport property. The Self-diffusion coefficient is
the most accurate, principally because it is a particle property, for which statistics
is improved by increasing the number of particles. Contrary, larger uncertainties
are found for the shear viscosity and the thermal conductivity. Principally because
the statistics of these transport properties can not be improved in the same from
as self-diffusion by increasing the number of particles. Furthermore, at low tem-
peratures, for strongly elongated or strongly quadrupolar or dipolar molecules the
autocorrelation function of shear viscosity shows a slower decay, as reported pre-
viously [2, 67, 147, 148, 229]. On the other hand, the autocorrelation function of
thermal conductivity shows a faster decay than that for shear viscosity but compa-
rable scatter. These characteristics are in both quadrupolar and dipolar fluids.

For 2CLJQ fluids 30 model fluids were investigated. For each model fluid four
points along the bubble line plus other twelve points in the homogeneous liquid
sate were considered, in total 480 state points were simulated. Self-diffusion coef-
ficients were predicted with an overall statistical uncertainty up to 3 %, whereas
the overall statistical uncertainty for shear viscosity and thermal conductivity was
8 % and 12 %, respectively. It was found that self-diffusion coefficient, shear viscos-
ity and thermal conductivity depend almost exclusively on density; elongation and
quadrupolar momentum do not affect the behavior significantly.

Self-diffusion coefficient: It decreases with increasing p* at constant L* and Q*
along the bubble line. In homogeneous liquid states, it increases linearly with in-
.creasing Tk at constant p*, L*, and Q*2. With respect to the molecular parameters,
it decreases with increasing L* at constant p°, Tr, and @*2, and with increasing Q*?
at constant p*, Ty, and L*.

Shear viscosity: It increases with increasing p* at constant L* and Q‘2 along
zzzs:,::tb]:‘ lh;- iﬁdh;fiogi;lﬁ‘mﬁ liquid states, it decreases with increasing T at

iy 3 s - With respect to the molecular parameters, it increases
with increasing L* at constant p*, Ta, and Q*2, and with increasing Q*? at constant

p*, Tq, and L*.
incr::;;‘;m;*c:?il;:z:z: ;:: beha,vc-is2 similar to shear viscosity. It increases with
and Q*? along the bubble line. The dependence on
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Ty in homogeneous liquid states at constant p*, L*, and Q*? is very weak and
not significant with respect to the statistical uncertainty of the simulation data.
Regarding L* and Q*?, it increases with increasing L* at constant p*, Tr, and Q*2,
The effect of @*2 at constant p*, T, and L* is more difficult to discern because of
the statistical uncertainty of the simulations, but it seems to increase with increasing
Q2

For 2CLID fluids 38 model fluids were investigated. For each model fluid three
points along the bubble line plus other nine points in the homogeneous liquid region
were considered, in total 456 state points were simulated. Self-diffusion coefficients
were predicted with an overall statistical uncertainty up to 3 %, whereas the overall
statistical uncertainty for shear viscosity and thermal conductivity was 8 % and
10%, respectively. This slightly variation of the uncertainties respect to the results
for thermal conduetivity of 2CLJQ fluids, is consequence of the larger number of
aufocorrelation functions used in the calculation. In the same form as for the 2CLJQ
fiuids, the density is the dominant variable. However, different from the quadrupolar
inferaction, the dipolar interaction shows a significant effect in the behavior of self-
diffusion, shear viscosity, and thermal conductivity.

Self-diffusion coefficient: It decreases with increasing p* at constant L* and p*
dong the bubble line. In homogeneous liquid states, it increases linearly with in-
ereasing T at constant p*, L*, and p*?. As expected, self-diffusion decreases with in- \
treasing L” at constant p*, Tk, and p*°. Remarkably, self-diffusion seems to increase
vith increasing 4*? at constant p*, T, and L* at least for dipolar momenta p*? > 6.
The elongation affects the influence of the dipolar momentum on self-diffusion, the
more elongated the fluid, the smaller is the effect of u*? on seli-diffusion. In particu-
lar, for very elongated fluids (L* = 0.8), no influence of the dipolar momentum was
observed.

Shear viscosity: It increases with increasing p" at constant L* and fua Eoe
the bubble line. In homogeneous liquid states, it decreases with increasmg; Tn.a.t
constant p*, £*, and p*2. In the same way as for quadrupolar ﬂu"d?‘ Shealt wscc‘):nty
increases with increasing L* at constant p*, Tk, and p*?, and With. S ; o
oonstant p*, Tp, and L*. Elongation affects the influence of the d‘IfOlar. i I;I-;
in the same way as for self-diffusion. However, in contrasi-: tO' self-diffusion, even o
Very elongated fluids the effect of dipolar 'mol?lentun:i is SItg[:fcczn:g:tam PR

Thermal conductivity: It increases with mcr'easlllg P i
along the bubble line. Like for quadrupolar fluids, the depe-!l ?n t considering
mogeneous liquid states at constant p*, L, and p it Slgmﬁ.cta?m:em with
the statistical uncertainty of the simulation data. Furthermore, 7% T 5"~
ill(!easing L* at constant p*, T, and Q*? as well as with increasing p

95



Chapter 5 Transport properties of 2CLJQ and 2CLJD model fluids

,0*1 TR) and L*.
The following tables resume the observed tendencies for self-diffusion coefficiert,

shear viscosity, and thermal conductivity of 2CLJ Q and 2CLJD fluids.

Table 5.1: Tendencies of the transport coefficients respect to p*, Tg, L*, and ("
for quadrupolar fluids.The meaning of the arrows is as follow. [: the transport
property increases upon increasing the variable at the top of the column, |: the
transport property decreases with the variable at the top of the column.

2CLJQ o Tr L* Q7
along bubble homogeneous homogeneous homogeneous
lines liquid liquid liquid
o [l T ! !
at constant ¥, g g, %97 25T o5 T, L*
n” T ! 1 T
at constant L*, 0% % L% O O Tr @2 e
At 1 weak i i
at constant LB Q% L, @ o e O

Table 5.2: Tendencies of the transport coefficients respect to p*, T, L', and i”
for dipolar fluids. The meaning of the arrows is the same as in the previous teble
for 2CLJQ fluids.

2CLJD * Tr i 5 K
along bubble homogeneous homogeneous homogeneous
lines liquid liquid liquid

D | T 1 1

at constant L a2 e P p*, Ta, w2 p*, Tp, L* and p >0
m b l T

at constant Iz #-2 o, Lt’ ”az P‘! a5 u.z P’, Tr, ik
A il weak T 1

at constant L*, p*, L*, u*? p*, Tr, y*? o Tn L
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Appendix

A Simulation details

A1l Self-diffusion and binary Maxwell-Stefan diffu-
sion coefficients

The molecular simulations were performed in a cubic box of volume V contain-
ing standard N = 500 molecules modeled by the LJ potential or 2CLJQ potential,
respectively. The cut-off radius was set to r. = 50; standard techniques for periodic
boundary conditions and long-range corrections were used [5]. For the calculation
of the 2CLJ long range corrections, orientational averaging was applied with equally
weighted relative orientations as proposed by Lustig [156]. The assumption of no
preferential relative orientations beyond the cut-off sphere implies for the quadru-
polar interactions that long range corrections are not needed since they vanish. The
simulations were started with the molecules in a face-center-cubic lattice with ran-
dom velocities, the total momentum of the system was set to zero. Two sort of
molecular dynamic ensemble were used: for simulation with the spherical LJ po-
tential NV E ensemble was used. In this case the Newton’s equations of motion
were solved with a velocity-Verlet algorithm [5]. Simulations for 2CLJQ fluids were
carried out in the NVT ensemble, here modified Newton's equations of motion were
solved with the Gear predictor-corrector integration scheme of fifth order [92]. In
both cases the time step for these algorithms was set to Aty/e1/my/a1 = 0.001 for
liquid and 0.01 for Gas state points.

The diffusion coefficients were calculated in a NVE or NVT ensemble, using
Egs. (2.7) and (2.8). The relative fluctuation in the total energy in the NVE
ensemble was less than 102 for the longest run, which yields a temperature drift of
less than 0.5 K. In the NV'T ensemble temperature fluctuations are zero in average.
The thermosetting was accomplished using the Nosé-Hoover thermostat [77, 203]
with a thermal inertial parameter Q,/(mo?) = 10. It must be pointed out that .both
NVE and NVT simulations were performed, and the obtained diffusion coefficients
agreed in all cases within their uncertainties. It was concluded that the Nosé-Hoover
thermostat does not influence the values of the diffusion coefficients. .

Both kind of simulations are initiated in a NVT ensemble until equilibrium at
the desired density and temperature is reached. 100 000 time step . i
that equilibration. Once the equilibrium is reached, the thermostat is turned off,

s were used for
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and then the NV E ensemble is invoked. Otherwise, the simulations continues in the
NVT ensemble were the transport properties are calculated. The experimental data
which was used for comparison to our simulations is often reported at given pressure
and temperature. In these cases, a prior isobaric-isothermal NpT simulation [6] was
performed, from which the corresponding densities for the NV E or NVT ensemble
were taken. The statistical uncertainty of the diffusion coefficients was estimated
with the standard block average technique [77].

The self diffusion coefficient is a property related to one molecule. It is possi-
ble to obtain very good statistics with a few independent velocity autocorrelation
functions (VACF). The self diffusion coefficients were calculated by averaging over
200 independent VACF each with 500 molecules, i.e. a total of 10° VACF. For gas
densities, the VACF decays very slowly and therefore long simulation runs were
necessary in order to achieve the VACF decay and hence independent time-origins.
Here, a compromise between simulation time and time-origin independence had to
be made. In order to keep the simulation time low, and following the work of Schoen
and Hoheisel [228], the separation between time origins was chosen at least as long
as the VACF needs to decay to 1/e of its normalized value. The choice of this sepa-
ration time and the production phase depended upon the temperature and density
conditions. In theory, as Eq. (2.7) shows, the value of the diffusion coefficient is
determined by an infinite time integral. In fact, however, the integral is evaluated
based on the length of the simulation. The integration must be stopped at some
finite time, ensuring that the contribution of the long-time tail [2] is small compared
to the desired statistical uncertainty of the diffusion coefficient. Figure A.1.1 shows
the behavior of the VACF and its integral given by Eq. (2.7) for two selected gas
state points of argon. As can be seen, for the higher density state point, the VACF
has decayed after 500 ps to less than 1 % of its normalized value. Later it oscil-
lates around zero. The same can be seen after 1 500 ps at the lower density state
point. It was assumed here that the VACF has fully decayed when these oscillations
reached a threshold below 0.5 % of their normalized value. Furthermore, a graphical
inspection of the VACF integral was made, in order to verify a sufficient integration
time.

An important time scale to calculate the VACF is the time that a sound wave
takes to cross the simulation box. VACF calculated for times higher than that may
show a systematic error [95, 109]. That criterion was verified using the experimental
if’::gosi (:2‘;“53:1;;25:;!:“ [Z:]t Eor the simulations of gases, the VACF decay tin:.ue
error in the present simulati 2 tl:l R Che(-rk B t.his ¥ i g systema.tlc
il s o whereoil;, € system S-lze was varied. For the lowest density

) e above mentioned problem would be expected to
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Figure A.1.1: Large plot: Velocity autocorrelation functions. Small plot: Integral

following Eq. (2.7). Both plots are shown for selected state points of argon:
T=77.7K and p = 163.26 mol m~3; — — — — T = 353.2 K and p = 34.49 mol m~>.

be most severe, simulations with a constant number of time origins and increasing
system sizes were carried out. System sizes of N = 864, 2 048, 4 000, and 6 912
molecules were investigated. All results were found to agree within the statistical
uncertainty, and no size dependence could be observed. It is therefore concluded
that no systematic error due to system size in gas phase simulations is present.

For the calculation of the binary MS diffusion coefficients, 12 000 independent
time origins were averaged, here a compromise between accuracy and simulation time
was made. The time origins were taken every 100th time steps, and the correlation
function was calculated over 1 000 to 1 500 time steps. This requires simulations of
about 1. 10° to 4 - 10° time steps for the self-diffusion coefficients and 12 - 10° for
MS diffusion coefficients. The binary MS diffusion coefficients were calculated for
mole fractions between 0.1 and 0.9. To obtain the binary MS diffusion coefficients at
infinite dilution, a polynomial function was fitted to the simulation results between
mole fractions 0.1 and 0.9 and then extrapolated to zero and one, respectively.
The relative error was estimated as being the same as for the binary MS diffusion
coefficients at 0.1 and 0.9, respectively.

Other important issue for molecular fAuids, is the influence of the moments of
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inertia of the molecules on the self-diffusion coefficient. In all cases, the experiments]
molecular mass [202] was distributed equally between the two LJ centers. However,
for CO, this matter was investigated. For CO;, the experimental molecular mass
was distributed between the two LJ centers and the quadrupolar center, so that the
mass of the two oxygen atoms was distributed between the two LJ centers, and the
mass of the carbon atom was associated to the quadrupolar site. In this case the
tensor of moments of inertia in a reference system with origin in the geometrical
center of the CO; molecule is diagonal, whose two nonzero elements are given by
4.000 L? g mol™* m?. On the other hand, if the moment of inertia is calculated
sharing the total molecular mass between the two LJ centers only, the diagonal
elements have a value of 5.501 L? g mol~* m?. No difference for the self-diffusion
coefficients was found, for the two different choices. This result is plausible, because
the self-diffusion coefficient is related to the translational motion of the molecular
center of mass.
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A.2 Shear and bulk viscosity, and thermal conduc-
tivity

The molecular simulations were performed in a cubic box of volume V contain-
ing standard N = 500 molecules modeled by the LJ potential or 2CLJQ potential,
respectively. The cut-off radius was set to r. = 5o standard techniques for periodic
boundary conditions and long-range corrections were used [5]. For the calculation
of the 2CLJ long range corrections, orientational averaging was applied with equally
weighted relative orientations as proposed by Lustig [156]. The assumption of no
preferential relative orientations beyond the cut-off sphere implies for the quadru-
polar interactions that long range corrections are not needed since they vanish. For
9CLJD fluids instead, long-range corrections due to dipolar interactions using the
reaction field technique [11, 199] were calculated. The simulations were started with
the particles in a face-centered-cubic lattice with randomly assigned velocities, and
the total momentum of the system was set to zero. NVE and NVT simulations
were carried out. For the NV E simulations, Newton's equations of motion were in-
tegrated, for NVT simulations instead, modified Newton's equations of motion were
integrated. In both cases, a Gear predictor-corrector of fifth order [92] method was
used. The time step for this algorithm was set to Aty/e;/m1/a1 = 0.001. Transport
coefficients for quadrupolar fluids were calculated in NV'E, the temperature drift
was less than 3 % in all cases. On the contrary, the reaction field method applied
for the long range corrections of dipolar fluids does not conserve the energy of the
system, therefore transport properties of dipolar fluids were calculated in the NVT
ensemble, with the Nosé-Hoover thermostat [77, 203] with a thermal inertial param-
eter Q,/(mo?) = 10. In both cases equations (2.17), (2.19), (2.21) and (2.23) were
used. Both kind of simulations were initiated in a NVT' ensemble until equilibrium
af the desired density and temperature was reached. Between 100 000 and 200 000
time steps were used for the equilibration depending on the state point. Once the
equilibrium is reached, the thermostat was turned off and then the NV E ensem-
ble invoked, otherwise the thermostating is held until the simulation is completed.
The length of the production period depended on density and temperature of the
state point. In particular for the systematic study of transport properties D_f 20149
and 2CLJD fluids, a total of 12 000 and 15 000 independent autocorrelation func-
tions were respectively used. They were grouped in blocks of 3 000 for 2CITJQ o
in blocks of 5 000 for the 2CLD fluids, from which the statistical uncertainty was
calculated using a block average technique [77]-
bl Bi . (2-17)!5(2'19) and (2.21) show, the value of the trfmtspo:
ooefficient are determined by an infinite time integral. In fact, bowever, e
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is evaluated based on the length of the simulation. Therefore, the integration must
be stopped at some finite time, ensuring that the contribution of the long-time tail [2]
is small. Figure A.2.1 shows the behavior of the different autocorrelation functions
and their integrals given by Egs. (2.17), (2.19) and (2.21) for the most dense state
points of argon for each transport property. As can be seen, all autocorrelation
functions decay after 2 ps to less than 1 % of their normalized value. Later they
oscillate around zero. To consider the effect of the long time tail, the calculation
of the autocorrelations functions was extended to 5.4 ps for thermal conductivity
and shear viscosity and to 6.5 ps for bulk viscosity. This was done because this
autocorrelation function exhibits the largest fluctuation around zero attributable to
long time correlation. The statistical uncertainty of the transport coefficients and
thermodynamic properties were estimated using the Fincham’s method [70]. For the
calculation of the thermal conductivity of mixtures it was necessary to include the
partial molar enthalpies. For that purpose, Widom’s test particle insertion [238] was
taken using 2 000 test particles after each time step, 100 000 time steps for reaching
equilibrium and 300 000 for production.
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t/ps

relation functions. Small plots: Integrals fol-
All plots are shown for the most dense state
top: thermal conductivity T = 90 K

—150.7 K and p = 35 046 mol
3

Figure A.2.1: Large plots: Autocor
lowing Egs. (2.17), (2.19) and (2.21).
points of argon for each transport property;
and p = 34 433 mol m~3, middle: shear viscosity T’
w?, bottom: bulk viscosity T = 100 K and p =32 843 mol m~
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B Numerical simulation results

B.1 Self-diffusion, shear viscosity, and thermal con-
ductivity for 2CLJQ fluids

Tables B.1.1 to B.1.12 show the simulation results for the 2CLJQ fluids.
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B.2 Self-diffusion, shear viscosity, and th 1 )
ductivity for 2CLJD fluids EEIIEL e

Tables B.2.1 to B.2.14 show the simulation results for the 2CLJQ fluids.
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Transport coefficients for 2CLJD Auids
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Transport coefficients for 2CLJD fluids
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Transport coefficients for 2CLJD fluids

@Dzre 10T (oo 298¢ | (00269 (0z)eg'0 (2)19e0 | 9880 TIgE

€gor (rve1 (Ds1zo 11ee | (ODz0r (Oneg'T (T)SLT'0 | 8LLFD 6SLT

oozt (#0162 (16010 65272 | (02)8s21 (02)8ee (1)620°0 | L9¥5'0 208 21 =,

(e)197  (8)98°0 (2)96€'0 8¥a'E | (66)F'0  (3)38°0 (Dzre0 | 86880 THOE

(12)v88  (€¥OT (o120 ot | (€16 (TD291 (D1L1°0 | S927°0 SgSE

(r8)29e1_(91)0LZ (18010 pesZ | (69)18°01 (¥1)T1'g (1)080°0 | ¥2¥S0 20T 6= g1

(re)ee'e (20160 (1)98€0 298¢ | (06)60'S  (8)¥80 (2)¥ee0 | 20680 26LT

(tgs  (en)ze1 (1)2080 2647 | (82)L8°2 ODw1 (11210 | 85270 L2872

(oot (LoLz  (Dsoro oeee | (908201 (02)26T (1)280°0 26890 1991 9=z

(ov)egs  (9)or0 (1)sse0 910€ | (98)ee's  (8)eg0 (1)68€°0 | #9880 9857

(F¥99  (vDIPT (1)602°0 <852 | (¥6)0T'S  (¢1)zw'T (T)sL1°0 | T12F0 SST'g

(v6)esor (0g)z1e (D210 ss1z | (62)09%6  (02)9977 (1)280°0 | 9beG0 VoLl g=

(r2)o6 v (0)18°0 (1)988°0 7282 | (82)9TF  (L)¥8'0 (1)6880 | PESE0 99T

(0g)6v2  (00)sv'T (1210 €9vz | (00100 (0T)ee'T  (L)¥8T°0 | Leg¥ 0 7807

(e1)9'6 (er)se (1110 e90c | (sR)66'6  (0g)vee (1)260°0 | 6250 zbo't 0=g7
X Jl Pl ] | sk Wl W ol D S0ED= T

'SYSIp §se] 9y} W Ayure)seoun 8y) Hjousp seseqjueIed
Ut S1aquInu oy, "M wmiusow ojodip JUGIHIP PUC GOG') = 7 10§ ‘Spmy ([T JO sjueoLeco jiodsuel], 47 g o[qel,

124



Appendix B.2

Transport coefficients for 2CLJD fluids
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Transport coefficients for 2CLJD fluids
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