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Abstract 

In chemical engineering, the knowledge on thermophysical I"'"'"_“im of mmumsls 

important for the design and optimization 
of processes. As I““‘ f5‘l’*‘““"f' ntal d'“’_° base 

n 

often narrow. methods are required that 
predict thermophysical properties quantitatively. 

Usually, equations of state or G® mod
els are used for that purpose. The

y an‘ lmawn_as. 

excel]ént correlation tools, but they lack 
in predictive power and hold onl little 

promise 

for further improvement. 

{t is sbhown in the present work, that 
molecular modeling and simulation 

is an alterna- 

4ive modeling approach for pure Auids 
and mixtures with excellent predictive 

power and 

‚high potential for further development. 
For that purpose, molecular models of

 78 pure 

Auids, like nitrogen, oxygen, ethane, car
bon monoxide, carbon dioxide, halogens, 

and al- 

ternative refrigerants, were developed on 
the basis of the two-center-Lennard-Jones 

model 

fluids with point quadrupole (2CLJQ) or po
int dipole (2CLJD). A new parametrization 

approach based on global correlations of the 
vapor-liquid equilibria of these model fuids 

allowed the effieient development of these molecular m
odels. The vapor-liquid equilibrium 

data of the 2CLIQ/2CLJD model fluids used for the develop
ment of the global correla- 

tions were calculated by means of molecular simulation. The 2
CLJQ/2CLJD models yield 

typical relative deviations from experiment. of +0.5% for the 
saturated liquid densities, 

about +4% for the vapor pressures, and +3% for entha
lpies of vaporization. They are 

essentially more accurate than existing molecular models from the literature. 
Also in 

homogeneous Auid states far away from the vapor-liquid equilibria, t
hey deseribe thermo- 

physical properties with good accuracy. More elaborate Lennard-Jones based
 molecular 

models of ethylene oxide and methanol, were develaped. 

These compatible models of real pure fluids were applied straightforwardly for the 

modeling of 45 binary interactions of unlike molecules in real fluid mixtures. Unlike 

Lennard-Jones interactions were described with the Lorentz-Berthelot combining rules. 

Purely predietive simulation results with these combining rules showed, that these molec- 

ular models predict vapor-liquid equilibria of real mixtures more reliably than the Peng- 

Robinson equation of state. The molecular models describe vapor-liquid equilibria of 

real mixtures quantitatively, when a binary interaction parameter is used in the Lorentz- 

Berthelot combining rules, that was adjusted by a simple method to a single experimental 

equilibrium pressure for each mixture modeled here. 

These molecular models of binary interactions of unlike molecules were used in the 

present work for the quantitative prediction of vapor-liquid equilibria of five ternary mix- 

tures. They deseribe vapor phase compositions and saturated liquid and vapor densitie
s 

more reliably than the Peng-Robinson equation of state, 

real?£-«iääiäi <;i ähle ni};;e;ent work sh_ow, that t%1e newly developed molecular models of 
cs offer a high potential for further application.
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Kurzfassung 

Für die Ausiegung und Optimierung verfahrenstechnischer Prozesse werden thermophy- 
sikalische Stoffdaten von Mischungen benötigt. Da häufig nur eine schmale experimentelle 
Datenbasis vorliegt, werden Methoden benötigt, die eine quantitative Stoffdatenvorher- 
sage ermöglichen. Hierfür werden üblicherweise Zustandsgleichungen oder GP-Modelle 

verwendet, die zwar sehr gute Korrelationswerkzeuge sind, aber Schwächen bei der Stoff- 

datenvorhersage zeigen. Das Entwicklungspotenzial dieser Ansätze erscheint ausgereizt. 

In der vorliegenden Arbeit wird gezeigt, dass molekulare Modellierung und Simulation 

ein alternativer Modellierungsansatz für fAuide Reinstoffe und Mischungen mit sehr guten 

Vorhersageeigenschaften und hohem Entwicklungspotenzial ist. Hierfür wurden für 78 un- 

polare, quadrupolare und multipolare Reinstoffe, wie zum Beispiel Stickstoff, Sauerstoff, 

Ethan, Kohlenmonoxid, Kohlendioxid, Halogene, und alternative Kältemittel, moleku- 

lare Modelle auf Basis der Zwei-Zentren-Lennard-Jones Modellfluide mit Punktquadrupol 

(2CLJQ) bzw. Punktdipol (2CLJD) entwickelt. Ein neuer, auf globalen Korrelationen 

der Dampf-Flüssigkeits Gleichgewichte dieser beiden Modellfluide beruhender Parame- 

trierungsansatz ermöglichte die effiziente Modellentwicklung. Die für die Entwicklung der 

Korrelationen benötigten Dampf-Flüssigkeits Gleichgewichte der Modellfiuide wurden mit 

molekularer Simulation berechnet. Typische relative Abweichungen dieser Modelle von ex- 

perimentellen Daten liegen bei +0.5% für Siededichten, bei etwa +4% für Dampfdrücke 

und bei +3% für Verdampfungsenthalpien. Sie sind wesentlich genauer als Modelle aus der 

Literatur. Auch im einphasigen fluiden Zustandsgebiet weit außerhalb des Nassdampfge- 

biets beschreiben diese Modelie Stoffeigenschaften mit guter Genauigkeit. Für Ethylenoxid 

und Methanol wurden aufwändigere Lennard-Jones-basierte Modelle entwickelt. 

Mit. diesen kompatiblen Modellen realer Reinstoffe wurden 45 Modelle binärer Wech- 

selwirkungen ungleicher Moleküle in realen Mischungen entwickelt. Ungleiche Lennard- 

Jones-Wechselwirkungen wurden mit den Lorentz-Berthelot Kombinationsregeln berech- 

net. Rein prädiktive Simulationen mit diesen Kombinationsregeln zeigten, dass diese 

molekularen Modelle Dampf-Flüssigkeits Gleichgewichte realer Mischungen zuverlässiger 

vorhersagen als die Peng-Robinson Zustandsgleichung. Eine quantitative Beschreibung 

der Dampf-Flüssigkeits Gleichgewichte realer Mischungen ist möglich mit einem binären 

Wechselwirkungsparameter in den Lorentz-Berthelot Kombinationsregeln, der für jede 

der hier modellierten Mischungen mit einer einfachen Methode an einen experimentellen 

Gleichgewichtsdruck angepasst wurde. 

Diese molekularen Modelle binärer Wechselwirkungen ungleicher Moleküle wurden 

in der vorliegenden Arbeit zur quantitativen Vorhersage der Dampf-Flüssigkeits Gleich- 

gewichte von fünf ternären Mischungen verwendet, Im Vergleich zur Peng-Robinson Zu- 
standsgleichung beschreiben die molekularen Modelle die Dampfzusammensetzung sowie 
die Siede- und Taudichten deutlich zuverlässiger. 

Die Ergebnisse der vorliegenden Arbeit zeigen, dass die neu entwickelten molekularen 

Modelle realer Reinstoffe und Mischungen für weitere Anwendungen geeignet sind.
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1 Introduction 

1.1 Molecular Based Methods in Chemical Engineering? 

With the evolution of new technologies in the 21* century, ranging from biotechnology, 
material science, and nanotechnology to pharmacogenomics and molecular design of drugs 

and specialty chemicals, chemical engineering faces new challenges. For the exploitation 

of the tremendous market potential of these technologies, chemical engineers need to 

rapidly design and optimize processes for the efficient on-demand production of an in- 

creasing number of tailored substances. On that background, molecular based methods, 

like molecular simulation or computational chemistry, gain importance and acceptance in 

industrial applications [43, 135] and will, as indispensable tools, accompany the methods 

conventionally used in chemical engineering [102]. This development requires an extension 

and a relocation of the foci of chemical engineering research and education, that will be 

characterized by increasing interdisciplinarity. The benefits gained from molecular based 

methods in chemical engineering will reward these efforts [77, 205]. Various examples for 

the successful application of such methods in chemical industry exist [69, 102]. 

The advantages of the application of molecular based methods in chemical engineering 

are twofold. The insights into the micro- and nanoworld gained from such methods allow 

a deeper understanding of phenomena on the molecular level, for example the adsorption 

of reactants on catalyst surfaces or the hindered diffusion of reaction educts and products 

in zeolites [69]. Such knowledge helps to optimize macroscopic processes at, their very 

roots. The second advantage is related to the paramount importance of the availability of 

reliable data on thermophysical properties of mixtures for process engineering [138], where, 

in particular, phase equilibrium data, or more detailed, vapor-liquid equilibrium data, are 

broadly needed. Due to the high costs of experimental laboratory work, the prediction 

of thermophysical properties of mixtures on a narrow experimental data base has always 

been a very important issue for practicing engineers. Conventionally, equations of state, 

like the Peng-Robinson or the Soave-Redlich-Kwong equations of state, or models of the 

Gibbs free energy GF [349], are used for the correlation of experimental data of mixtures, 

however, they are known to lack often in predictive power and hold little promise for 

further improvements, Therefore, the low-cost but reliable prediction of thermophysical 

properties is still a demanding problem. In this context, the broader substitution of 

laboratory experiments by the application of computer power for the reliable molecular 

based pseudo-experimental prediction of physical and thermophysical properties of new 

substances will be an important cost saving factor for more accurate and faster process 

design in future [102]. 

The present work focusses on the prediction of thermophysical properties of pure Au- 

ids and mixtures by means of molecular simulation [3, 114], which is at present the most 

important molecular based method that combines high potential for further development, 

flexibility, and — very important for practical applications — reasonable computational 
ef-
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fort, cf. for example [50, 69, 134, 135] for overview
s. Classical statistical thermodynamics 

is used to obtain various thermophysical propert
ies from molecular äilillll&lli()lli f_ur example 

vapor-liquid equilibria (cf£. the remainder of this work for I'(‘f(‘l'('ll
('($)" solubilities [1 172!- 

or diffusion coefficients [447]. Moreover, molecular simulation is applicable to the ‘."V'3‘*‘t
" 

gation of molecular scale phenomena, like the structure and thermodynamics of nitrogen 

clusters [335], the properties of vapor-liquid interfaces o
f real Auids [199, 269, 272, 427], 

nucleation [171, 200], thermophysics in nanostructures [215, 257, 4
43]. or even mechanical 

slide friction [213], to cite only some. 

In addition to molecular simulation, further important molecu
lar based methods are 

the COSMO-RS method [177, 178, 179], and Car-Parrinello methods [35, 43
]- 

In the COSMO-RS method the energetic pairwise interactions of molecular surface 

elements are described by means of surface charge density distributions of the pure Auids
 

obtained from unimolecular — and therefore fast — quantum chemical electronic-s
tructure 

calculations using the continuum solvation model. Typically, density functional theory is 

used for these quantum chemical calculations. Based on this information, the COSMO- 

RS method allows predictions of a multitude of thermophysical properties of mixtures by 

means of very fast unidimensional Boltzmann statistics [84, 85]. The low computational 

effort, that allows bridging between molecular based methods and process simulation 

[58, 102], the general applicability to different kinds of mixtures, and the predictive re- 

sults of the COSMO-RS method are appealing. The drawback of the method is, that 

configurational effects are treated only conventionally like in GE-models. 

Car-Parrinello methods [35, 43] combine quantum chemical methods based on density 

functional theory with molecular dynamics simulation. This approach predicts, at least 

in principle, all kinds of molecular interactions, adjustable parameters are not. necessary. 

However, compared to molecular simulation, the computational effort is exceedingly high 

for Car-Parrinello methods, even though only comparably simple quantum mechanical 
approaches are used, which, furthermore, can lead to considerable errors in the prediction 

of molecular interactions. 

In contrast to the Car-Parrinello approach, molecular simulation uses semiempirical 
p_otcntia‚]. functions, hereafter also called molecular models, to model molecular interac- 
t10115._ This approach allows simulations with an acceptable computational effort, but, as 
mentioned above, requires the parametrization of the molecular models. 

The _Cé?—ff3flll parametrization of molecular models of pure fluids is of kev importance 

for obtaining quantitative thermophysical properties from molecular simulation. Excellent 

5 and the references in Appendix I, but äogc:;wir);ir aäi‘:;;" “;“-‘"t di‘\l;|0pf‘(‘l. sa E 
remains a time consuming task. In ma„n‘ T nt‘ t. i i: . S n.10dp'1 paramet.f-‘‚'l'5 

for more efficient model Parametrizationy ;‘° ar K?‘ quantum chemistry was applied 

is typically used for the specification of éf; - S (.jhap“"r 4. Quantum chemistry 
D ulomb charges in molecular models. or for the
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parametrization of elaborate potential functions, that are not convenient]y transferable 
to mixtures. More research work on the application of quantum chemistry to model 
parametrization is needed. The literature survey in Chapter 4 shows, that there is still 
a lack of molecular models of pure Auids and mixtures, that hinders the exploration of 
molecular simulation in industry. 

1.2 Contributions of the Present Work 

The two principal goals of the present work were: firstly, to develop efficiently quantitative 
molecular models of a large number of pure fluids, secondly, to apply these pure fluid 
models to modeling of mixtures. 

Usually, molecular models are developed individually for each real fluid. This approach 

is time consuming and only efficient for complex fluids. An alternative route was followed 

in the present. work. It allowed the efficient. development. of state-independent, simple but 

accurate and compatible molecular models of 78 low-molecular fluids, most of which are 

important in industrial applications. These models can directly be used for modeling of 

mixtures. The basic idea of this route is the modeling of classes of real fluids with similar 

shapes and polarities by classes of simple physically meaningful molecular models. This 

approach is particularly well adapted to the optimization of molecular models with low 

number of adjustable model parameters. 

In the present work, the class of unpolar or quadrupolar fluids (23 fluids) and the class 

of multipolar Auids (55 fAuids) were modeled. The latter have, apart from their molec- 

ular dipole moment, also higher molecular polar momenta. Typical quadrupolar fluids 

are nitrogen, oxygen, ethane, carbon dioxide, or halogens, whereas carbon monoxide or 

alternative refrigerants are typical multipolar fluids. For the modeling of these fluids two 

three-site model classes based on the two-center Lennard Jones model (2CL.J) with embed- 

ded non-polarizable point quadrupole (2CLJQ) or non-polarizable point dipole (2CLJD) 

were used. The class of 2CLJQ models was used for the modeling of quadrupolar fluids. 

For the modeling of multipolar fluids, the 2CLJD and 2CLJIQ model classes were used. 

Unpolar fluids were modeled without polarity. In reduced properties both model types 

have only two parameters, the reduced elongation, i.e. the distance of the Lennard-Jones 

interaction sites, and the reduced quadrupole or dipole momentum. This allows carrying 

out comprehensive studies of the thermodynamic properties, like vapor-liquid equilibria, 

of the model classes. Moreover, these models permit the use of simple combining rules in 

the modeling of mixtures, and they reduce the computation time in computer simulations 

considerably. 

Correlations of vapor-liquid equilibria of the 2CLJQ and 2CLJD model fluids were 

developed as functions of the model parameters on the basis of comprehensive vapor- 

liquid equilibrium data from molecular simulation generated in this work. These empirical 

correlations were used for fitting of the model parameters to experimental vapor-liquid
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equilibrium data. This s a new approach which made it
 possible to find parameters for a 

large number of real fluids. ; 

Apart from this new optimization approach based on model classes, a way 
to determine 

parameters of more specialized molecular models is discussed in the present 
work and used 

for developing models of ethylene oxide and methanol. 

The present molecular models of pure fluids were used as a basis for the development of 

molecular models of 45 real mixtures. This work is the broadest application of molecular 

simulation to the quantitative description of thermophysical properties of real pure Auids 

and mixtures presently available. For all mixtures modeled here, an adjustable binary 

interaction parameter in the energetic part of the modified Lorentz-Berthelot combining 

rules is used for improved accuracy. This binary parameter accounts for polarization effects 

between unlike molecules and can be adjusted efficiently by a simple method developed 

in the present. work. 

The present. work is structured as follows: in Chapter 2 the theoretical background of 
the molecular simulation methods applied here is briefly described, in Chapter 3 the results 

of the comprehensive investigation of the vapor-liquid equilibria of the 2CLJQ/2CLJD 

model fluids are presented and the development of the empirical correlations is described, 

in Chapter 4 the new molecular models for fAuid classes are discussed. in Chapter 5 the 

optimization of the molecular models of ethylene oxide and methanol is described, and 

in Chapter 6 results from molecular modeling of real binary and ternary mixtures are 

compared to those from equations of state. In Chapter 7 the present work is summarized 
and an outlook on future work on the development of quantitative molecular models is 
gıven. 

In the present work, answers are given to the following questions: Which depth of 
molecular modeling is required for the accurate deseription of thermophysical properties 
of real quadrupolar and multipolar fluids? Are state-independent models sufficient for that 
%>urpose? Are such models predietive? Should molecular polarizability be modeled explic- 
it1y? How do effective molecular models perform in the modeling of real mixtures, where 
polarization occurs? How does molecular simulation compare to conventional methods? 

| The r_nany positive results shown in the subsequent. chapters underline, that compar- 
atively simple state independent molecular models are sufficiently accurate to yield a 

close-to-experiment description and predietion of thermo; E hysical rties i 
and mixtures. P properties of pure fAAuids
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2 Molecular Simulation 

In this chapter, the theoretical background of the molecular simulation methods applied 
in the present. work is outlined. After a short deseription of the modeling of molecular 
interactions by means of semiempirical, effective pair potentials in Chapter 2.1, the cal- 
culation of averages of thermophysical properties from molecular simulation is sketched 
in Chapter 2.2. In Chapter 2.3 the two molecular simulation methods used in the present 
work — molecular dynamics and Monte Carlo — are explained, In Chapter 2.4, expressions 
of the chemical potential and the partial molar volume are derived from partition functions, 
and two methods used in the present. work for the calculation of these properties in molec- 
ular simulations — test particle insertion and gradual insertion — are described. Chemical 

potentials and partial molar volumes are needed for the NpT+Test Particle Method and 

the Grand Equilibrium Method, ef. Chapter 2.5, that were used in the present work for 

the calculation of vapor-liquid equilibria. 

The assumptions adopted throughout this work are: rigidity of the molecules, ie. 

internal degrees of freedom are not modeled explicitly; classical approximation, i.e. the 

molecules are considered as particles and their translational and rotational motion is 

described by classical equations of motion; only pairwise additive potentials are considered; 
the energetic contributions from different types of interactions simply add up, i.e. no cross 

effects are considered. 

2.1 Models of Molecular Interactions 

Interaction energies between molecules stem from electrostatic and magnetic interactions 

of the molecular charge clouds and nuclei. Usually, models of molecular interactions 

only describe interactions resulting from electrostatics, as they are about four orders 

of magnitude higher than the magnetic interactions [132]. Therefore, only molecular 

interactions resulting from electrostatics are considered in the present work. 

Molecular interactions resulting from electrostatics can be separated into different con- 

tributions. At large intermolecular distances, dispersive and electrostatic multipolar inter- 

actions can be distinguished. The latter ones are caused by permanent molecular charge 

distributions. At small distances, molecular interactions are repulsive due to charge cloud 

overlaps. Furthermore, strong, highly directional, short-ranged hydrogen bond interac- 

tions may Occur. 

In the present work, dispersive and repulsive molecular interactions at interaction site 

distance r are modeled with the Lennard-Jones pair potential function [132] 

u34 [(9*-(2)]- @ 
In Equation (1) the physical r-6_term describes dispersive interactions at long range, the 

empirical r7!2_term describes repulsive interactions at short range.
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15 of molecules can be described by the interac
- 

used for modeling methanol in the present work. 

multipole momenta of the 

Eleetrostatic multipolar interactior 

tions of sets of point charges, which are 

The arrangement of the point charges des
cribes the molecular 

methanol molecule. Furthermore, the point charg
es model hydrogen bonding of methanol 

molecules. In order to decrease the number of model param
eters, it is often more con- 

venient to model molecular electrostatic multipole
s by point multipoles. In the present 

work, non-polarizable point dipoles and axial point quadr
upoles are used for modeling the 

electrostatic interactions of 78 quadrupolar or multipola
r fluids. The pair potentials for 

mutual interactions of point charges, point dipoles, and point
 quadrupoles are given in 

Appendix A. 

In the present work, molecular models are constructed by addi
tive superposition of 

Lennard-Jones interaction sites and point charge, point. dipole or point quadru
pole inter- 

action sites located within the Lennard-Jones site structure. 

2.2 Averages of Thermophysical Properties 

A fuid bulk phase of m components in a defined macroscopic state, for example at given 

Volume V and temperature T, is modeled here as a system with a very large number N 

of rigid spherical or non-spherical molecules 

N= X Na (2) 

wbherein the index a counts the m components. The interactions of the molecules are 

described by model potentials. For these N molecules, a multitude of more or less probable 

microscopic states are allowed, that all represent the same macrToscopic state. Statistical 

thermodynamics allows to deduce macroscopic thermophysical properties of this fAuid bulk 

pl?a.se‚ sucrll as internal energy or pressure, as averages of the ensemble of the accessible 
microscopic states. As example, the NVT-ensemble with specified number of molecules, 
volume, and temperature is used here. 

; In t}-16 classical limit, a mieroscopic state of the N molecules in the NVT-ensemble 
is descr1bt?d by their spatial positions and translational impulsions, and, in the case of 
;;c;n-späenca.l 'molecul'es‚ _also by their orientations and angular monwn!.‘a. These form 
w a(ä}eti_‘ ;f‚ ;L ;=;;;äl::;;o;;n(t}ä in t|ile- phase space E nvrT-. It is convenient to split up the phase 
S phase ‘Sub5pace Dr of translational impulsions and angular 
A t‚] and into t?1e configurational phase subspace Diyr of positions and orientations. 
8 1äes 1erräophysgcal property A depends on the microscopic state variables of the N 

Ves and can be written as sum of an ideal contribution A, that de S ‚ that depends only 
Nvr; and a configurati ibuti Vatfables in T gurational contribution A°, that depends only on the 

A(Dyvr) = A° (Dfyr) + A° (Tver)- (3)
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As a multitude of microscopic states are allowed, the thermophysical property 4 fluctuates. 
Its macroscopic average can be expressed either as time average [148] 

(A)r = lim 2 f} [A* (D8yr (D) + A° CSrvr ( a (4) 
= (A%), + (A9x, (5) 

or as ensemble average 

(A)en = / . A0 (Uvr) 0° (Uyr) d 

+ [ A° Ciwvr) ° (Cror) ir (6) 
= (A"‘)ZJ+ ( er (7) 

Equations (3) and (7)} are equivalent according to the theorem of ergodieity [410]. In 

Equation (5) T4 (£) and T’$%47 (£) are the trajectories of the N molecules system in the 

two phase subspaces. In Equation (7) p'4(Ti9.-) and p°(T%yr) are normalized weighting 

probability densities for the microscopic states [3]. Due to the equivalence of Equations (5) 

and (7), the average is generally noted without index 

(4) = (4)- = (Wens- (8) 

For example, the macroscopic average of the internal energy is, cf. [141], 

N-1 N 

(U) = (U%) + (D D s Cver)), (9) 
i=1 j=i+1 

and the macroscopic average of the pressure is, cf. [141], 

N 

i=1 j=i+1 

Ea (10) 

wherein the second term on the right side is the configurational contribution to the internal 

energy U° (Equation (9)) and the configurational contribution to the pressure p“ (Equation 

(10)). 
In Equations (9) and (10) wf; (T’\yr) is the potential interaction energy between mo- 

lecules £ and j. 

According to the theorem of equipartition of the kinetic energy [266], the temperature 

T of the m-component mixture with N molecules is related to the average of the kinetic 

energy U of the N molecules, that depends only on variables in T1 

2 Z Uid id. . 11 

(3No + 5N2 + 6N3) kg ( (D fyr)): l 
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Nz is the number of symmetric linear 

The potential degrees of free- 

esent work. Internal degrees 

wherein Ng is the number o
f spherical mulom‚lui. 

molecules, and N is the 
number of asymmetric lfl

(!ll:('lll[!\. 

dom are fully accessible at the
 temperatures st udied in ltlm 

pr S Ü 

of freedom like vibration and be
nding are not included in the mo

deling. R 

the kinetic energy U* of the N 
molecules is 

yr (pibi) + U (D (2) 

-ä—Zl mıl + %Z (m;wj + (Tezjwggj + Imi
e;)] 

i=1 * j=1 

\ U (T’Syr) 
M 

Na ] S 

+% Z [mr.-t'ä + (L:J.-—i-'};„ + Iyuk“'fik f I::A—«';J.-
)] . (13) 

k=1 

Partition functions and their relation to average
s of thermophysical properties are 

explained in Chapter 2.4.1. 

2.3 Molecular Simulation Methods 

Molecular simulation is used in the present work for estimating averages of configura- 

tional contributions to macroscopic thermophysical properties of model bulk Auid
s. For 

adequate estimation of configurational contributions, molecular simulation met.hods must 

ensure that primarily the most probable configurations are sampled efliciently according 

to their weighting probabilities during the simulation. These configurations contribute 

most significantly to the configurational parts of thermophysical properties. 

For that purpose, two principal approaches exist, that were both applied in the present 

work: molecular dynamics simulation and Monte Carlo simulation [3, 114]. These methods 

generate new configurations of the molecules in different ways. The Monte Carlo method 

subsequently generates a new configuration on the basis of a present configuration, so that 

the configurations are elements of a Markov chain [3, 410]. Results from Monte Carlo 

simulations are estimates for ensemble averages according to Equation (7). In contrast, 

molecular dynamics simulations solve Newton’s equations of motion and thus yield the 

trajectory of the configurations. They yield, hence, estimates for time averages according 

to Equation (5). 

Prior to a closer description of these methods, some concepts common to both methods 

are outlined. 

Due to computational costs, molecular simulations of bulk fluids for obtaining ther- 

modynamic properties are typically restricted to approximately 1,000 molecules. This 
number, though essentially lower than the some 10? molecules in real bulk Auids, is yet 
sullicient for obtaining results with accuracies suitable for engineering applications, if peri- 
odie boundary conditions are applied to the cubic simulation volume of finite size, usually 
alled simulation box. Periodie boundary conditions discharge the simulation from border
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influences by turning the small model system to a quasi-infinite one and are, hence, the 
basic concept that allows to estimate bulk phase thermodynamics from simulations of 
small model systems. 

As a consequence of the finite size of the simulation box, molecular interactions can 
only be evaluated explicitly within a cut-off sphere. In the present work, the cut-off 
sphere is centered on the center of mass of each molecule, ie. center-of-mass cut-off was 
chosen. With center-of-mass cut-off the interactions between the sites on two molecules 
are only evaluated, if the distance of the two molecular centers of mass is within the 
cut-off sphere of radius r,, otherwise the two molecules do not interact. The interactions 
of the molecules within the cut-off sphere with the Auid outside the cut-off sphere must 

not be neglected. Under the assumption, that the fluid outside the cut-off sphere is 

homogeneous and isotropic, long-range corrections are taken into account. Details on 

long-range corrections are given in Appendix A, 

In the present work, molecular simulations were started from a eubic face-centered 
lattice arrangement of the N molecules. In the case of molecular dynamics simulations, 

translational and rotational velocities are randomly ascribed, the total translational and 

rotational momenta are set to zeTO. 

Molecular dynamics simulation 

Molecular dynamics simulations are based on Newton’s classical equations of motion of 

rigid bodies. The forces and torques on molecules resulting from molecular interactions are 

evaluated and used to describe the translational and rotational motion of the molecules. 

By their nature, the laws of dynamics ensure that configurations with high weighting 

probabilities occur preferably. 

The translational and rotational motions of the molecules are conveniently described 

with reference to their center of mass. With F}° being the sum of all forces exerted on 

molecule £, the translational motion of the center of mass of this molecule, located at 7;, 

is governed by Newton’s law 

F = m, (14) 

wherein m; is the mass of molecule z. 

A symmetric linear molecule z has two rotational degrees of freedom. In that case, 

the Euler equations in the molecular body-fixed (superseript “b”) principal axis system 

centered in the molecule’s center of mass are 

S Tn (15) 
£ 

S 

wherein 7?** ;s the sum of all torques exerted on molecule 7 and J; is the diagonalized ten- 

sor of the molecular momenta of inertia. For asymmetric molecules with three rotational 

axis, the Euler equations extend to 

i bb 

'r.il')="mt y Iffriwgi I8 (Iyy= ng zzi) wy‚'ü)zi‚ (]_G)
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$;_—tot - Igyi—;v'::1 — (LIozi — ]::=J—"':-’I*“'E:' 
(17) 

T;JM —_ I::.:'-£-"?:' - (I.rrr' - ]„„.‚)..";‚..;'5‚- (13) 

Molecular forces and torques releva
nt for the present work are given i

n Appendix A. 

As exclusively compact rigid mol
ecules without internal degrees of freedom are co

n- 

sidered in the present work, quater
nions q; — (Qois Qıi, Q2i: 93i) CAD advantageously be used 

for deseribing the spatial orientati
ons of each molecule ? [3]. They satisfy the constraint 

3 

Ye= 1 ( 
k=0 

Compared to rotation algorithms based 
on Euler angles, quaternion. based rotatio

n algo- 

rithms have the advantage to be free of sin
gularity traps and are therefore implemented 

more conveniently [3]. During molecular dynamics simulations to
rques are evaluated in 

the space-fixed coordinate system (superscript #g”). For the evaluation of Equations (15) 

and (18) they must be transformed to molecular body-
fixed principal axis coordinates. 

For that purpose the quaternion-based rotation matri
x A:;. defined for molecule 7 as, cf. 

[3]: 

ga + al — da qa 2 (quiQ2i + qoiQai) 2 (quQ3i — QoiQ2i) 

Ai= [| 2(gu92i — Qo:93i) da — d + 03 Ga 2 (qaig3i + QoiQui) (20) 

2 (quiga: + qoiQ2i) 2 (QaiG3i — qoiQui) 96i — Mı — B G: 

is used, so that 

7_::.t.ot = A; „_\;..wt_ [21) 

Solving Equations (15) and (18) in a quaternion based algorithm requires that the 

time derivatives of the quaternions be coupled to the angular velocities according to the 

following equation, cf. [3], 

q_°!' 9Qoi —dıi —Q —QBi 0 

dui | _ 1 | 9ı Qoi —G3 — Qoi wb 
n =— 

ri 

T 2]| 9% 9i d —i O ” 
3i G3 —2i qu Qqoi wb, 

2i 

e G82;3 trf;1j;l;;tmxlal equatlo-ns of motion, cf. Equation (14), were solved numerically with 

pmhcmi) C.O z or—co_rrector integrator [125] of fifth order, wherecas a 
fourth order Gear 

cf EQuationii‘clt;; 1(t£ä%'fat;»r(;2r?s &. fid for solving the rotational equations of motion, 
r ; anc X etail &e C 

integrator is available in [338]. AUed desetiption 6f the Gear predicte an 

isokincti?äää]i'tmgo ;11 molecu}a.r dynamics simulations in the NpT-ensemble was assured by 
ng of translational and angular velocities [139]. With T being the specifled
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temperature, the scaling expressions for the velocities of each molecule £ stem from the 
theorem of equipartition of the kinetic energy and write as 

1/2 
ga w [ 3NT 

(‘)3) aı Sa 2 
Ej:1 M;U5 

for the translational velocities of all molecules. 

1/2 T NT e 
W; = W; Nz S z (24) 

2j:1 (I'—’I.'iw;r'j n Iyyj“’y_-‚') 

for the angular velocities of the N2 symmetric linear molecules, and 

1/2 
NT wicai = ; [ — - 37 3 z S (25) 

Ej=] (I:rfi-j"'“'«_-j + Iyyi0i H I=:J'““'zj) 

for the angular velocities of the Nz asymmetric molecules. After each integration time 

step, the translational and angular velocities are scaled according to Equations (23) to 

(25). 

Molecular dynamics simulations in the NpT-ensemble were harostated accarding to a 

method suggested by Andersen [4]. For that purpose, an equation is introduced, that 

allows fAuctuations of the volume V of the simulation box 

wherein p is the pressure due to the actual microscopic state, pg is the specified pressure, 

and C is an inertia parameter ascribed to the volume of the simulation box. Equation (26) 

assures that the time average of the pressure (p),- equals the specified pressure p;. A Gear 

predictor-corrector integrator of fifth order was used for solving Equation (26) numerically. 

The introduction of Equation (26) requires the use of center-of-mass vectors scaled to 

the edge length of the simulation box of volume V 

T: b (27) 

Then, as shown in [3], for molecular dynamics NpT-simulations the translational equations 

of motion, cf. Equation (14), transform to 

F Z 
E N a 28 B aı gPir (28) 

After each integration time step, a new configuration is obtained, that contributes to 

the calculation of the averages of the considered thermophysical properties.
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Monte Carlo simulation 

Monte Carlo simulations are carried out. by s
tochastic generation of molecular con- 

are accepted or rejected according to criteria 
based on energy changes. 

arlo simulations, as temperature is a given simu- 

of dynamics in this simulation method allows 

figurations, that 

Thermostating is no issue in Monte C 

lation parameter. Moreover, the absence 

unphysical moves, 

Monte Carlo simulations are organized in loops, that are comparable 
to integration 

time steps in molecular dynamics simmlations, Within one Mo
nte Carlo loop, a sequence 

of configurational changes is processed. Configurational changes are,
 for example, transla- 

tional and rotational moves of the molecules, Auctuations of the volum
e of the simulation 

box for NpT-simulations, and insertion and deletion of molecules for simulati
ons in the 

grand canonical V T-ensembie, cf. Chapters 2.4.1 and 2.5.2. The implementation of the 

gradual insertion method, cf. Chapter 2.4.2, in Monte Carlo simulations requires fu
rther 

types of changes in the Monte Carlo loops, like changes of size or geometrical structure of 

molecules. 

The Metropolis algorithm, the basic Monte Carlo algorithm for efficient, non-biased 

generation of configurations, is described here briefly. 

If a new configuration shall be generated by a translational move of a molecule, among 

all N molecules one molecule £ is seleceted at random. Then, molecule £ is displaced from 

its location 7; to another location 7; + ör, where the displacement vector ör is chosen 

randomly with equal probability for all three space directions, and |ör| < Örmax- With öU 

being the change of energy between the present configuration and the configuration Te 

sfultixlg from the suggested displacement of molecule 7, this translational move of molecule 

7 is accepted with the probability 

min (1, exp(—-86U)) . (29) 

A completely analogous scheme, where orientations are considered instead of locations, 

jamppii@e\ to the generation of new configurations by rotational moves of molecules. It is 

important, that the angular displacement dw, with |öw| < öwmax, for molecule z results 
frc3m a random choice with equal probability for all orientations, that is from unbiased 
c3r1entationa.l random sampling on a unit sphere. In the present, work, the orientation of 
linear molecules in Monte Carlo simulations was deseribed by means of a single unit vector 
per molecule. Orientational moves of these unit vectors “‘(;'I'E performed afcordin t0'flIl 
algorithm described in [3]. The orientations of asymmetric molecules Jwere d(ßcrigbe'd by 
means of quaternions, that can be sampled uniformly according to an efficient algorit} ı 
suggested by Vesely [409]. . E A 

Controlle i i S Cäi?qfiääääää? ä ;ol;9h ;tol;$f‚ ;i tl;e j;:;u]nti0n box allow jnhe barostating of 
, volume V + 6V is chosen, wherein 

SV is a random fluctuation of volume, with |SV| < 6V .. With U being the change of 
energyv bet Ü 

gy between the configuration at present volume V and the configuration at suggested
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volume V +8V, this volume fluctuation is accepted with the probability 

min (1, exp [-8 (6U + p;öV — NkgT In ((V +öV)/V))]) , (30) 

wherein pg 1s the specified pressure. 

The choice of the maximum displacements Örmax; Ömax;, ANnd ÖVinax influences the 

efficiency of phase space sampling during a Monte Carlo simulation. It is generally advised 

to choose values for these displacements that allow acceptance rates for each move type 

of about 50 %. 

The probabilities that. control the calling of the various move types are generally se- 

lected in such a way as to try N translational moves, ( f"°**/3)N rotational moves ( f”* is 

the number of rotational degrees of freedom per molecule), and one volume fluctuation 

for NpT-simulations within one loop. 

Results from molecular simulation show fluctuations. In the present work, statistical 

uncertainties of simulation data were determined with the block-averaging method pro- 

posed by Fincham et al. [107]. ef. also [135] and [3]. Statistical uncertainties of properties 

calculated from simulation results, for example vapor pressure or saturated densities, were 

determined with the error propagation law. 

2.4 Chemical Potential and Partial Molar Volume 

The NpT+Test Particle Method, cf. Chapter 2.5.1, and the Grand Equilibrium Method, 

cf. Chapter 2.5.2, applied in the present work for the calculation of vapor-liquid equilibria, 

require the chemical potentials ‘; and, in the case of mixtures, the partial molar volumes 

v; of each component in the two phases considered in equilibrium. 

Various methods were suggested for the calculation of the chemical potential, or, more 

general, of the free energy, cf. [114] for an overview, and [23, 25, 32, 63, 146, 182, 216, 322] 

for recent works on this subject. Among these methods, the test particle insertion method, 

cf. [435] for the NVT ensemble and [358] for the NpT ensemble, and, in some cases, the 
computationally more elaborate gradual insertion method [241, 242, 243, 276, 300, 356, 

420] were used in the present work. Apart from the chemical potentials, both methods 

allow obtaining the partial molar volumes from the same molecular simulation without 

further computational effort. 

For the derivation of the expressions for the chemical potentials and the partial molar 

volumes of each component in a multicomponent mixture in the NpT-ensemble the parti- 

tion function Qx„r of this ensemble is needed, cf. Chapter 2.4.1. In Chapter 2.4.2, after 

the derivation of the expressions for the chemical potentials and the partial molar volumes, 

the test particle insertion method and the gradual insertion method are described.
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2.4.1 Partition Functions 

All thermophysical properties of a statistical en
semble are n-lr1.t«l to the part-itio'n func- 

tion of that ensemble. These relations are shown
 here exemplarily for the tws‘‚r.age mteir?)al 

energy and the average pressure of the NVT-ense
mble. Based on the NVT-partition 

funetion, the partition function of the NpT -ensemble wit
h specified pressure p and tem- 

perature T for the N molecules is described. The NpT-partition funct
ion is ue.ededfor the 

derivation of the expressions for calculating the chemical pot entia
ls and the partial mo- 

Jar volumes in Chapter 2.4.2. As the Grand Equilibrium Method appli
ed in the present 

work for the calculation of vapor-liquid equilibria of mixtures is based on quasi grand- 

canonical simulations, cef. Chapter 2.5.2, the partition function of the grand-canonical 

VT -ensemble with specified chemical potentials jz;, vohume V, and temperature T ıs also 

deseribed here. 

NVT-ensemble 

In the classical limit, the NVT-partition function for the m-component mixture intro- 

duced in Chapter 2.2 is 

m 

Qnvr = 1, Na! Ala j;„ e BT avr | | dU’aNVT: (31) 
e NVT a=1 * a=1 

wherein a is the component index, fz is the number of degrees of freedom of a molecule 

of species a, H = U + U° is the Hamiltonian of this system, and 

B =1/(keT) (32) 

is the inverse temperature. T’xyyr represents all phase space variables of the m-component 

mixture, U, yyr are the phase space variables of the N, molecules of component a. The 
division by the factorials of N, accounts for the indistinguishability of the molecules 
belonging to component a. The division by the powers of h is due to the constraints of 
Heisenberg’s uncertainty principle and makes the partition function dimensionless. The 
potential energy U° contains additive contributions from Lennard-Jones interactions and 
from interactions of point. dipoles, point quadrupoles, and point charges. 

The Hamiltonian allows to divide the partition function into an ideal and a configura- 
tional contribution. For that_purpose, the components are separated into species a’ with 
spherical molecules and species a” with non-spherical molecules. Spherical molecules of 
species a’ have f} translational degrees of freedom and non-spherical molecules of species f Ar,rot - - a” have fr translational and rotational degrees of frecdom, hence they contribute in 
different ways to the partition function. With this distir Sn ıction, Equation (31) can be sep- 

Qnr = ]] Q nvr La e (33) a’
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with the ideal contributions Q# „ and Q'% „ of each component 

S V id;tr /nid 
d z —BU e ä z 

QÄ'‚NVT 7 Y a FEn e ( ”"Nvr)dr];.}_Nv7‘: (54) 
F hf Nal üd 
r R Tnr 

S VN_„„ _ß{}.i‚_m„mc (l"“' } ;a 
=— HNR Qunvr = Aa E AA nr (35) 

Nanl + hfatt Malr Pn 

and the configurational contribution Qypr 

NVT Vn B 
NVT 

e 7U“ (Tüvr) H dDeNver- (36) 
a 

The multiple integrals in the ideal contributions can be solved analytically. Only the 

simple analytical expression for Q , cf. Equation (34), is given here exemplarily 

e VN„: 

mer s aa Fgl (37) 
Nal A 

wherein Ay is the thermal de Broglie wavelength for component a’ 

S (38) Ar = F—=—==>=- 
W V 27T?'Tl„lk]3T 

The somewhat cumbersome analytical solution of Q'9, „r is explained, for example, in 
(235, 410]. 

Thermophysical properties are related to the partition function. The average of the 

Helmholtz free energy F, which is the appropriate thermodynamic potential for the NVT- 

ensemble, depends on the partition function [3] 

{F)= —%IIIQNVT. (39) 

Moreover, with [388] 

C 40) 
[l @ } 

the macroscopic definition of the Helmholtz free energy 

(F) =(U) T (S) (41) 

yields the following differential equation
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From Equations (39) and (42) the average in
ternal energy of the NVT-ensemble is ob- 

tained as [235] 

— dln Qxvr 
(43) 

VE 
Due to Equation (33), the average internal energy (U) can be

 decomposed into an ideal 

and a configurational contribution, cf. Equation (
9), 

(U) = (U*®) + (U°)- (44) 

From [388] 

BL z 45 [ = —@ (45) 

the average pressure of the NVT-ensemble is obtained as 

P n DA - 46 3 [En (46) 

which yields the ideal and the configurational contributions to the average of the pressure, 

cf. Equation (10), 

(p) = (p') + (p°). (47) 

NpT-ensemble 

For the m-component mixture considered here, the NpT-partition funetion is 

1 :E O m 

Ü S —.-‘/‚ f e7B[M(Tnr)+PV] TT aD urdV (48 a Nal R Vn Srnr E a.NPT (48) 

- H ;c}-NPT'HQL(?'.A@T'QFV„T. (49) 

wherein W% is an arbitrarily chosen reference volume 13]. By means of the average volume 
(V)napr, the ideal contributions in Equation (49) can be written as 

ia Nar A 
aNBT = (V>).;‚T . :5.N\'T- (50) 
id Nan A 

Qu'nr = (V)pr - QSi nvr (51) 

so that the configurational contribution is 

1 1 O m 
Q° . Z E __/ ./ —B(U- Tr V 

7 W Wchrz A Oa )Hdrng7‘dv- (52) 
T P
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In the configurational contribution, the outermost integration over the volume V pre- 
scribes the volume allowed for the phase space variable sets T5 .. 

VT -ensemble 

In the grand-canonical uVT-ensemble the chemical potentials 41,..., 4, the volume 
V, and the temperature T' are specified. Constant values of the chemical potentials are 

assured by Auctuating numbers of molecules in the constant volume. Due to this particle 

exchange, the „ VT-partition function of the m-component mixture contains explicit sums 

running over the numbers of molecules of each component [235] 

Nı Nar 
Q„„‚ O 2 E e Nı , . eBtm Nm 

nı=1 nm=1 

i} 1 ® 7 C Ta (53) 
TuvVT,n, 

Mal z nm! hfınıt...+ min 
..... Yım 

N; Nx m } 

= Z Z [H eß“"N°] ONr 44n VT (54) 
nı=1 nm=1 La=1 

The notation for the phase space T’'yvT.nı.....n. indicates, that the number of phase space 

variables varies with the number of molecules. As shown in Equation (33) for the NVT- 

ensemble, it is also possible to decompose the canonical partition function Q(y=nz+...4nm)VT 

in Equation (54) into ideal and configurational contributions. 

In general, no analytical solutions exist for the configurational contributions to ther- 

mophysical properties, but they can be estimated from adequate numerical methods. As 

deseribed in Chapter 2.3, molecular simulation is applied here to estimate these configu- 

rational contributions. 

2.4.2 _ Derivation, Test Particle Insertion, Gradual Insertion 

The Gibbs free energy G is related to the NpT-partition function of a m-component 

mixture by 

G(p,T. Nı ... Nm) = kT InQmr; (55) 

with Qypr according to Equation (49). The chemical potential of component a is the 

partial derivative of the Gibbs free energy with respect to the number of molecules at 

constant pressure p, temperature 7, and numbers of molecules N, of the remaining com- 

ponents b a 

Ha (p; T,2) = [539_1$„ (56) 
] D.TNpga
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js an intensive property, that is expressed in terms of pressure, 

tiation can be approximated by the dif- 

a molecules of component 

The chemical potential /g 

temperature, and mole fractions z. The differen 

ference of the Gibbs free energies of a system contain
ing Na +1 

a and a system containing N; molecules of component, @ 

G@T Na No + larıııı Nm) — GT, Niy- Nar N % 
Halp.T,2) = (p. 1 a . P 1 a m) (57) 

wr (N, 1: QN.DF( a ';' ) (58) 

Qnpr (Na) 

The derivation of the following contributions to the chemical potential are given in 

Appendix B. As defined in Chapter 2.4.1, a'- and a”-components are distinguished. 

As shown in Appendix B, the chemical potential of a component a is composed of 

three contributions 

= —kT In 

Ma D, T,@) = ia P, T)+ fra (Tı za) + ME (p,T,x)- (59) 

In Equation (59) the ideal contribution ui%., (p, 7T') is for an a’ component 

; VYacer 
a T)= —T nn (60) 

N-AT 

that writes also 

Mra (D.T) = kaT In [(o)xpr - AD'] (61) 
and for an @” component 

id _ (V)npr 1 
Horar (P.T) = —kgT In [——- . 

that writes also 

id 
Hyra (P,T) = keT In [(p)apr - Ran(T)] , (63) 

wherein the ideal term Ra-(T) is according to Equation (270) in Appendix B. _ The com- 
position dependent ideal contribution Hr (T, za) in Equation (59) is 

Wrra (T, za) = kaT Inz,, (64) 

for an a’ or an a” com ; ponent. The baı s S 

for an a’ component residual contribution. u (p,T, z) in Equation (59) is 

H(D D) in [%] { (65) 
NpT
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and for an a” component 

Vnr 
wherein the total orientational integral ( is according to Equation (272) in Appendix B. 

0 B 
H# (p,T,2) = —kT In Ba )‘“""">N”T]‚ (66) 

Partial molar volume 

The partial molar volume of the component &@ is the partial derivative of the clemical 
potential , with respect to the pressure at given temperature and mole fractions 

A Öla 

CM [ öp ]T‘.a- : (67) 

With the chemical potential according to Equations (266) or (269) in Appendix B, Equation (67) 
yields for a’ components, cf, [147], 

_ VEa nn 
SE a 

(68) Va' 

and for a” components 

<V2 S (e—311'.‚'! Yane) NDT' 

WE P }a ban . inr 9 
Va = 

Test particle insertion, gradual insertion 

Equations (65), (66), (68), and (69) clarify, that the key to obtaining the chemical 

potentials and the partial molar volumes during a NpT simulation is the adequate calcu- 

lation of the average of the Boltzmann factor exp(-—-8w4). This can be done by means of 

the test particle insertion method, that evaluates ı, by placing test particles of species a 

at randomliIy chosen positions (and orientations) within the Auid volume for each config- 

uration obtained during the NpT simulation. In low to mid density phases, this method 

yields the desired properties with reasonable accuracy. It fails, however, in the case of 

dense liquid phases with strong molecular interactions, for example from polarities or par- 

tial charges. In such cases, the application of the gradual insertion method significantly 

improves the statistics for averages of the Boltzmann factor, and thus the accuracy of the 

chemical potential and partial molar volume. 

The gradual insertion method is briefly described here, further details and required 

simulation parameters are discussed in [300, 420]. 
In the gradual insertion method the one-step insertion of test particles 1s replaced by 

a multiple-step insertion of flucetuating particles. The method is an expanded ensemble 

method that can be implemented in molecular dynamics and Monte Carlo simulations 

[241], as was done in the present work. Embedded into a NpT'simulation of a m-component 
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e N NL NTEL N moleoules,/a particle of species a, selected at 

random, is defined as fluctuating particle, that evolves over a sequence of 
intermediate 

states f;, with £ = 0...c, where fa is a completely decoupled state, and f. is a fully coupled 

state, whose properties are identical to those of real particles of the species a. That 

is, the simulation evolves, by means of the fAuctuating particle, between a system of_N 

molecules and an expanded system of Nı + ... + (Na + 1a) + ... + Nm molecules. For 

ecach intermediate stäte f; of the fluctuating particle, a NpT-sub-ensemble, referred to as 

[N + fil with weight w;, is defined. This requires, in addition to the standard Monte Carlo 

moves in NpT simulations, ef. Chapter 2.3, trial transitions from a state f; to a state f;, 

that are accepted with the probability 

w;I(f; — Fi) —B( ai) 
ı 

nun(1"win(fi—>fj)e ‘ )" (70) 

wherein I(f; — fi) and II(fi — f;) are a priori transition probabilities, and ı; and %; 

are the interaction energies of the fAuctuating particle in state f; or f; with all remaining 

particles. The Monte Carlo sequence of a NpT simulation with gradual insertion and pre- 

ferential sampling in the vicinity of the fluctuating particle, as it was applied in the present 

work, is described in |420]. The average Boltzmann factor needed for the calculation of 

Ha and va is 

__ Wo Prob[Nı + ... + (No + 1a) 4 ... A Nı] 

w Prob[N, +... + Nz +... + N] 
<e—ß!ü° )(w.) r (71) 

wherein Prob[M] denotes the probability of observing the M particle system during the 

simulation. 

2.5 Vapor-Liquid Equilibria 

Coexisting liquid and vapor phases are in thermal, mechanical, and chemical equilibrium, 
LE tqnperatum T, pressure p, and the chemical potentials uı; for each component a are 
equal in both phases. With the closing conditions for the mole fractions in both phases 
the complete the set of equations, that are needed for phase equilibrium calculations of 
m-component mixtures, is 

VE (72) 

Hs p (73) = 3 7 

H,T ,2) = UTE S E E (74) 

E (75) 
a=1 

m 

H 

u (76) 
a=1
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In Equations (72) to (76) the superscripts (') for the liquid phase and (”) for the vapor 

phase indicate, that the property is meant at phase equilibrium conditions. 

Various methods are available for the calculation of vapor-liquid equilibria of pure fluids 

and mixtures from molecular simulation. Among these, the Gibbs Ensemble Monte Carlo 

Method [313, 314] is the most widespread one. Further methods are the Gibbs-Duhem 

Integration [183, 184], that is based on the integration of the Clausius-Clapeyron equation, 

Thermodynamic Scaling Methods [176, 400], Pseudo-Ensemble Methods avoiding particle 

insertion [270], Histogram-Reweighting Methods [60, 174, 175, 315, 324], the bubble point 

pseudo ensemble simulation [398], Grand Canonical Monte Carlo methods [14, 15, 16], 

and the temperature-quench molecular dynamics method [126]. For simulations near 

the critical point Finite Size Scaling Methods were suggested [436, 437]. The reaction 

ensemble Monte Carlo method {367] was developed for the simulation of phase equilibria 

of chemically reactive systems. In the present work, the NpT+Test Particle Method, for 

which a multitude of implementations of the basic idea of series expansions of the chemical 

potential exist [191, 280, 281, 413, 415], was applied in the version of Vrabec [413] for the 

calculation of vapor-liquid equilibria of pure fluids. Vapor-liquid equilibria of mixtures 

were calculated with the Grand Equilibrium Method of Vrabec and Hasse [418]. Both 
methods were chosen due to favarable experience especially concerning accuracy. They 

are described in Chapters 2.5.1 and 2.5.2. 

2.5.1 NpT+Test Particle Method 

The NpT+Test Particle Method is described here for pure fluids only. In this case, the 

phase equilibrium conditions, cf. Equations (72) to (76), reduce to 

Ta (77) 

Po= V, (78) 

P'*J (Des TI) T „n (pm T„) ’ (79)' 

wherein pg = p' = p" is the vapor pressure. For specified temperature T' =1T1"=TT", 
the NpT+Test Particle Method yields the vapor pressure by solving Equation (79) with 

data from molecular simulations of the liquid and the vapor phase, The approximated 
expressions of the chemical potentials in the liquid and the vapor phase, that are needed 

for that purpose, are given in the following derivation. 

According to Equation (59), the chemical potential u (p,T) of a pure substance is 

composed of an ideal and a residual contribution 

#(p,T) = Hra T) + (D‚ T)- (80) 

Moreover, based on liquid phase and vapor phase reference states indicated by the sub- 

script “0”, the chemical potentials in the liquid (superseript “1”) and the vapor phase
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(superseript “v”) can be written as 

l( T) S P‘l (P‘ .T] R /“’ [Ö#
]} E 

e 

“ ö » LOP ]pl7 

N vn P [öp” HOD = WD [ ] . (82) 

wherein pl, and p} are the pressures in the reference states. 

Decomposing the chemical potential ı' (pi,7) in Equation (81) and linearizing the 

pressure integral by the relation 

1 
[%';-] e ul S const., (83) 

Pa 

which holds with good accuracy for liquid phases, yields the desired approximated expres- 

sion for the chemical potential of the liquid phase 

p (p,T) = pr (D T) + ( T) + (D-m)- (84) 
Due to the high compressibility of the vapor phase, another approach is chosen for de- 

riving an approximated expression for the chemical potential of the vapor phase. The 

pressure influence on the chemical potential of the vapor phase is taken into account, as 

not only u“ (p5.T) m Equation (82) is decomposed according to Equation (80), but also 

the integrand in the pressure integral in Equation (82), ie. 

e ® 7 D ö v.äd p ö Y.res 

u (P:T)=H„%d@äaT)+ß‘m(?äsT}+] [Ä} dP+[ [ - } dp. (85) 
T 7 PaAT PO Öp ö Op 

With the ideal gas law 

Y RET L‘""d Z 
S6 3 (86) 

the pressure derivative of the ideal contribution is 

E vid X . 

T A kT (87) 
Op D 

and so the first integral in Equation (85) becomes 

f[ 6’; dp=keT n . (88) 
Po T Po A 

The integrand in the second integral in Equation (85) is the configurational molar volume 
of the vapor Dllae.se. which is rewritten as difference of the molar volume v” of the vapor phase and the ideal molar volume u“ of the vapor phase 

B*‘“'“] kaT Z Zn 9 
[ Bl VE (89)
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wherein v“*d is expressed in terms of pressure and temperature according to the ideal gas 

Jaw. Then the second integral in Equation (85) is linearized in the vicinity of the pressure 

pß, so that the approximated expression for the chemical potential of the vapor phase is 

kT 
v 
0 

4 (p.T) = W T+ S (D + kTn Z ( ) o 
( 

The phase equilibrium condition Equation (79) is fulfilled by equating the approximated 

expressions for the chemical potentials of the liquid and the vapor phase, cf. Equations (84) 

and (90), and yields a non-linear equation, that allows to calculate the vapor pressure py 

for the specified temperature 7 

T (DT) 4l (Dr - D) - AD ED kßTh'li_g 

kT + (3 - 2) - 20 (1) 
D 

For the practical evaluation of Equation (91) with results from molecular simulation, it 

is convenient to cancel the average volume (V)xr contained in the ideal and residual 

contributions of the chemical potential, cf. Equations (266) and (269) in Appendix B, ie. 

to use temperature dependent ideal contributions 

. 7) RIO (92) 

or ; 

Hran (T) = —kaT In Rau(T), (93) 

and configurational contributions 

4, (p,T) = —kaT In [L<£"jl‘ffl] Ä (94) 

or 

u (p,T) = -kzT In [<V D (e_z'ß“")“"")”?""] ; (95) 

instead. With these properties, the conveniently applicable form of Equation (91), as it was applied in the present work, is 

kT 

P 
w (pp,T) +o5 - (de — pb) = 2 D8,T)+ @Tlni—ä + (vä z ) ‚ (po —p6); (96) 

wherein the temperature dependent ideal parts of the chemical potential disappear, as 
they are equal in both phases. 
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In Equation (96) the properties j (p5, T), 4” (D 7), , and ıD are obtained from 

NpT-simulations of the liquid and the vapor phas
es at temperature T in both phases 

and reference pressures ph and pj, respectively. These reference pr
essures can be chosen 

arbitrarily, but should not be too far off the vapor pressure. It i
s convenient for performing 

molecular simulations, that p} may differ from p4. 

Apart from the vapor pressure p,, saturated densities p’,
 p”, and saturated enthalpies 

H, h” are important properties of the vapor-liquid equili
brium. They can be obtained 

from first order Taylor series 

o ( T) + Bh ( T) - 0 (D T) - (9s — B): (97) 

g PTE T: ( - (98) 

and 

1 
e RA [?i] i (99) 

Öp pT 

n v V 3h"' v 

k S k (PürT)+ A '(PU”PO)' (1Ü{}) 

Öp PE 

Both the isothermal compressibilities, defined as 

E QE] (101) 

in Equations (97) and (98), and the partial derivatives of the enthalpies with respect to 

the pressure in Equations (99) and (100) can be determined during the NpT-simulations 
of the liquid and the vapor phases according to Auctuation formulae taken from [421] 

1 1 

E w (102) 
Ööh ä 1 . 
[ä?‚f]p_fl„ = }$["Ü'(<HV)MT‘(H)A@T{V)Aaar)+(v)fv}‚f ; (103) 

2.5.2 Grand Equilibrium Method 

The Grand Equilibrium Method is a two-step simulation method, that yields the equi- 

librium pressure p' = p” and the vapor phase composition y” in equilibrium for specified 

temperature T' = T' = T" and specified liquid phase composition z’ in equilibrium. The 

phase equilibrium conditions, cf. Equations (72) to (76), are evalated in two steps by 
means of molecular simulation. In the case of a binary mixture of components a and &, 
Equations (74) and (76) represent three equations for finding three properties p", y”, and 
- They represent four equations for calculating four properties p”, y”, yf, and yl 2n the 
case of a ternary mixture of components a, b, and c, and ®0 on. DAn .
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The two steps of the Grand Equilibrium Method are explained on the basis of the 

phase equilibrium conditions according to Equation (74). 

In the first step, approximated pressure dependent expressions for the chemical poten- 

tial of each component in the liquid phase are calculated from a NpT molecular dynamics 

or Monte Carlo simulation of the liquid phase at temperature T, composition z’, and ref- 

erence pressure pp. In analogy to the approach described in Chapter 2.5.1 for the NpT + 

Test Particle Method, these approximated expressions stem from 

1 / 1 / 5 3#=; 
MD, T,@') = 16 (po D] E / [—*] dp, (104) 

D Öp rm 

wherein the pressure integral can be linearized by assuming constant partial molar volume 

of component a at reference pressure 

Ö#LJ 1 
Y v„  const., 105 [ Öp Da 0 ( ) 

and the chemical potential / (ph, T, x') in Equation (104) can be expressed in terms of 

thc temperature dependent ideal contribution j ld(T) and the configurational contribution 

b“ (ph, T, 2'), cf. Equations (92) to (95). Hence, the approximated pressure dependent 

expression for the chemical potential of companent a in the liquid phase is 

Ha (p.T,@') = Hra(T) + m6° (pb,T,2') +0 (p-m)- (106) 
The properties ‚}° (pt. T, @') and vln in Equation (106) are obtained from test. particle 
insertion or gradual insertion, cf. Chapter 2.4.2, during the molecular simulation of the 

liquid phase. 

In the second step, the vapor phase in equilibrium with the liquid phase is evalu- 

ated by a quasi grand canonical Monte Carlo simulation at temperature T' and constant 

volume V” In this vapor phase simulation, according to the phase equilibrium condi- 

tions, cf. Equation (74), the approximated expressions for the chemical potentials of each 

component given by Equation (106) are prescribed, i.e. 

uX (p',T,y') = u p T,@'), (107) 
wherein, according to Equation (73), the pressure of the vapor phase is used for the eval- 

uation of the specified chemical potentials. As the pressure of the vapor phase fluctuates 
during the simulation, the specified chemical potentials Auctuate, too. Therefore, the va- por phase simulation is called quasi grand canonical instead of grand canonical — the latter “xpression would assume constant specified chemical potentials. Insertion and deletion of molecules during the vapor phase simulation allows to drive the chemical potential of cach 
component in the vapor phase to the specified values, cf. Equation (107). By this process, 
the vapor phase simulation finds its way to the equilibrium composition y” and to the equilibrium pressure Dn
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For the practical application of the Grand Equilibrium Method it is useful to know, 

that the volume V“, or, in other words, the number N of molecules, and the initial 

composition y of the vapor phase can be chosen arbitrarily. However, insertion and 

deletion of molecules may lcad to a significant change of the number of molecules in the 

volume V“, that may end up in an almost empty simulation box or in a very large number 

of molecules to be handled during the simulation. The first case leads to bad statistics, 

the second one increases computation time. It is therefore advisable, to start the vapor 

phase simulation at a composition near the (expected) equilibrium composition, and to 

choose the volume according to a typical vapor phase density for a desired number of 

molecules, for example some 200 - 300. 

For the insertion and deletion of molecules, the acceptance criteria of a grand canonical 

Monte Carlo simulation were used |114]. For insertion, a species a, a position in the 

simulation box, where the molecule is to be inserted. (and an orientation) are chosen at 

random. With w being the specified chemical potential of species @ in the vapor phase, 

the new molecule is accepted with the probability 

| 1 V 
Irlll'l(l._i(_?.‚)-m°explß(y.lß-[f„_‚_l +UN)]) (1@8} 

wherein 7, (T) is Ä£ in the case of insertion of a a' molecule and Ra-(T’), cf. Equation (270) 

in Appendix B, in the case of insertion of a a” molecule. Uy-1 is the internal energy of 

the system with the trial molecule, Uy is the internal energy of the system before trial 

insertion. For deletion, a molecule is chosen at random among the N molecules. The 

deletion is accepted with the probability 

min (1,1„(T) ; %‘g + exp [B ( +Uw-1 - U„)]) ; (109) 

Herein, Ux_; is the internal energy of the system after trial deletion, Ux is the internal 
energy of the system without deletion. For 4VT-simulations, probabilities that allow one 
trial insertion and one trial deletion within one Monte Carlo loop are reasonable. 

| I.n the same way as by the NpT+Test Particle Method in Chapter 2.5.1, the saturated 
liquid density p'(p”,T,x') and enthalpy h’ (p”,T,x@") can be calculated, when the equi- 
librium pressure is determined. The saturated v. K apor density p” (p”, T,y") and enthalpy 
h” (p",T,y") result from the vapor phase simulation.
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3 Vapor-Liquid Equilibria of Model Classes 

Vapor-liquid equilibria of the 2CLJQ /2CLJD model fluids were calculated systematically 

over a wide range of the model parameters by tlıe means of molecular simulation. The 

focus was on the critical temperature, the critical density, the saturated liquid and vapor 

densities, and the vapor pressure. This simulation work was aimed at developing empirical 

correlations of these properties in terms of the model parameters. These correlations allow 

to interpolate between the discrete parameter values of the simulations and were the most 

important tool for fitting the model parameters to experimental vapor-liquid equilibria, 

cf. Chapter 4, 

For the 2CLIQ/2CLJD model fluids equations of state are available, cf. [268, 339], 

that describe the reduced Helmholtz free energies Fic, ,g and F3c_;p in terms of additive 

contributions from the two-center Lennard-Jones interactions (F}o,7; Mecke et al. [268]) 
and from the quadrupolar and dipolar interactions (F@ and Fp, Saager et al. [339]), cf. 
Equations (110) and (111), 

Fg = FicLs + FBr (110) 

2cLD = K + FB- (111) 

They are often called hybrid equations of state. The range of validity of Equations (110) 

and (111) is indicated as Q*? < 4, u** < 12, L* < 0.8, cf. Chapter 3.1 for the definition 

of Q**, u**, L*. The terms Fö and F} from the literature are based on energetic simula- 

tion data of 2CLJQ and 2CLJD model fluids with different. values for the polar momenta 

(Q*? < 4, u** < 12) at one elongation L* = 0.505, i.e. inaccuracies of vapor-liquid equilib- 

ria from these equations of state can be expected for model fluids with elongations other 

than £* = 0.505. 

3.1 Quadrupolar and Dipolar Model Fluids 

The 2CLJQ pair potential is composed of two identical Lennard-Jones sites a distance 

L apart (2CLJ) and an elongated ideal point quadrupole of momentum Q placed in the 

geometric center of the molecule along its elongated axis. The interaction energy of two 

elongated ideal point quadrupoles is the large distance approximation of the interaction 

energy of two linearly arranged Coulomb charge quadruples. The pair potential function 

WICLIQ 

U2eLIQ(Tij, Ei, ej; L, Q) = U2cLI(T, en e; D) +ug(Fi : en e;Q), (112) 

contains the contribution of the Lennard-Jones interactions 

U2CLI(Fi;, Ei, e;, L) = ii4s [( a .)12 - (r;lk)5] 8 (113) 
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and the contribution of the quadrupole-quadrupole interaction 
(132] 

OE 

4re0 4lryl 
—15 cos?B; ccx%29‚- +2(cos Yız — 5 cOS B; cos 9J.-}2] / 

uQ(Tij> E;, EJ;Q} = [1 —5 (C05291' + (1()528j) 

ef. Appendices A.1 and A.2. Herein 7;5 is the center-center distance vector of two 

molecules £ and j, Tisjx IS one of the four Lennard-Jones site-site distances; s counts 

the two Lennard-Jones sites of molecule i, k counts those of molecule j. The vectors €; 

and e, are the unit vectors directed along the elongated axis of the molecules £ and j. 

These unit vectors represent the orientations of the two molecules. 6; is the angle between 

the axis e; and the center-center conneetion line 7;4, Le. cos 0; = &; - Tij/ Irl yi; is the 

angle between e; and &;, Le. cos Yız = ei‘ e;- The Lennard-Jones parameters 7 and £ 

represent size and energy, respectively. 

Replacing the axial point quadrupole by an axial ideal poimt dipole of momentum / 

yields the 2CLID pair potential. In Equation (112), xg is replaced by the contribution of 

the dipole-dipole interaction up [132] 

w 

SE Ir} 
Up(Tij: ei Ej,4) = (cos ; — 3 cos @; cos 8;) , (115) 

cf. Appendix A.3. Both the 2CLIQ and the 2CLJD model have four model parameters: 

g,6, L, and Q or u. The Lennard-Jones parameters o and £ are used for the reduction of 

the thermodynamic properties as well as the model parameters L, Q, and ı: 

P Z TE (116) 

DA OE (117) 

P = D, (118) 

E* = Efe, (119) 

O n (120) 

Q = Q/vV4rege0®, (121) 

W = / AmTEgeE0®, (122) 

wherein E represents any energetic property such as the internal energy U, the enthalpy H, 
or the Helmholtz free energy F. Furthermore, kp =1.38066 - 103 J /'K is the Boitm£lilnfl 
constant and £9 = 8.85419 - 107'? C? / (Nm?) is the permittivity of the vacıum. 

As reduced properties are used, the systematic investigation of the 2CLJQ and 2CLJD 
model fAuids require parameter grids of only two parameters: L* and Q* 01"L‘ and j*. For 
“0$'1\'0“59-‘1“9v Q"* and y*? are used instead of ©* and *. In the case of‘the 2CL]Q#II;OÖCI 
fAuid, the parameter grid contained 30 parameter pairs with L* =0,0.2, (‘).41 0 5ß.5. 0.6, Ü-é' * 7 

and Q =0, 1, 2, 3, 4. For the 2CLJD model Auids the Z parameter range was extended
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to L* = 1, as large elongations L* were expected for some real multipolar fluids. The 

values for u*? were 0, 3, 6, 9, and 12, Al combinations of these values lead to a prid of 35 

2CLJD fluids. Additionally, the fluids with L* = 0.0, 0.2, u”? = 16 and L*=0.0, Z 

were investigated, as very strong dipolar momenta are only expected for molecules with 

small elongation L*. So, altogether 38 2CLJD model fAAuids were considered. 

With L* = 0, the 2CLJQ/2CLJID pair potentials comprise the spherical single Lennard- 

Jones based pair potentials 1CLJQ and 1CLJD. Due to superposition of the two Lennard- 

Jones sites, the reduced temperatures, reduced pressures, reduced enthalpies and re- 

duced squared polar momenta are four times the corresponding reduced values of the 

1CLJQ/1CLJD pair potentials, 

Hereafter, the symbol P*? represents the squared polar momenta Q*? or j*?. 

3.2 Vapor-Liquid Equilibria and Critical Point 

For a new model fluid the temperature range in which vapor-liquid equilibria occur is 

not known a priori. Therefore, knowledge on the critical point is a prerequisite for the 

determination of vapor-liquid equilibria state points of a new model fluid. The above 

mentioned hybrid equations of state, cf. Equations (110) and (111), were used here in 
order to determine estimates T} (P*?, L*) for the eritical temperatures T7 (P*?, L*) of 

all 30 2CLJQ model fAuids and of the 2CLJD model Auids with L* < 0.8 and u < 12. 

Estimates for the critical temperatures of the remaining eight 2CLJD model fluids, whose 

dipole momenta u** > 16 or elongations L* =1.0 are out of the range of validity of the 

2CLJD equation of state, were obtained from simple extrapolations on the basis of the 

available estimated critical temperatures. 
For each 2CLJQ and 2CLJD model fuid, vapor-liquid equilibrium data were calcu- 

lated for ten temperatures T* = 0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.925, 

0.95 - 774 (P*?, L*) with the NpT+Test Particle Method as described in Chapter 2.5.1. 
Vapor pressures p*, saturated liquid and vapor densities p and p”*, and residual enthalpies 

in equilibrium A* (T*, p*) = h* (T*,p*) — h*4(T*) were evaluated. Liquid simulations 

were performed for all ten temperatures, whereas vapor simulations were only performed 

at temperatures above 0.80 - T*... as below this temperature the second virial coefficient, 

cf. [3, 132], is sufficiently precise for vapor-liquid equilibrium calculations. 
For the 2CLJQ model Auids, all simulations were based on molecular dynamics in 

the NpT ensemble, and the configurational part of the chemical potential in both the 

liquid and the vapor phases was obtained from the test particle insertion method, cf, 

Chapter 2.4. Most of the 2CLJD simulations were performed in complete analogy to 
the 2CLJQ simulations. However, at dense Jow-temperature liquid state points large 

Uncertainties of the configurational part of the chemical potential are obtained from the 

_*“°5t Particle insertion method, which cause largely uncertain vapor pressures. This effect 

S particularly important when highly dipolar model fluids with large elongations are
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studied. Due to these diffieulties at low temperature state p
oints, molecular simulations 

of vapor-liquid equilibria of dipolar model fluids are performed typi
cally only down to 

about 0.70-7}. Below, special techniques are needed for obt
aining more accurate results. 

In the present work, aceurate deseription of the vapor pressure of di
polar model fAnids 

at low temperatures was obatined from applying the gradual insertion me
thod based on 

Monte Carlo simulations as deseribed in Chapter 2.4 at 0.55 - 77 of the 2CLJD model 

Auids with Z* = 0...1.0, u? =0...12, except for L* = 0, u*? = 12. For the 2CLJD
 model 

fluids £* = 0, w? > 12 and £* =0.2, ** > 16 the test particle insertion method was 

applied with an mereased number of test particles and extended simulation run length
s at 

0,55- T Uniformly, the molecular simulations of 2CLJIQ and 2CLJD model fluids were 

performed with a large number of particles and large cut-off radii, cf. Appendices C.1 and 

C.2 for technical details. 

3.2.1 Simulation Results 

Extraets of the vapor-liquid equilibrium data of the 30 2CLIQ model fluids and of the 38 

2CLJD model Auids obtained from molecular simulation are reported in Tables 1 and 2, 

respectively. For the sake of brevity not all state points for which simulations were carried 

out are included in Tables 1 and 2. Reported are the vapor pressure p}, the saturated 

liquid density p”*, the saturated vapor density p"*, the residual saturated liquid enthalpy 

h'"=*. and the residual saturated vapor enthalpy k"*" for three temperatures T* = 0,55, 

0,80, 0.95 774 (P**, L*). The full data set is given in [378]. 
Figures 1 to 4 illustrate the strong influence of the elongation and the polar momenta 

on the temperature-deusity coexistence curves and the vapor pressure curves. Increasing 

the elongation raises the size of the molecules and thus lowers the saturated liquid density. 

This effect is accompanied by a decrease of the mean attractive interactions seen from the 

decrease of the critical temperature and the high vapor pressures. In contrast, stronger 

polar interactions yield higher saturated liquid densities, higher critical temperatures and 
lower vapor pressures. 

When the chemical potential is obtained from test particle insertion, the NpT’ + Test 
Particle Mßth0'd Yields the vapor pressure with large uncertainty at low temperatures in 

3;° caäi flf flmdS with large elongations 
or strong polar momenta, cf. Figures 2 and 4, 

gure ustrates, at lowest temperatures, the considerable decrease of the uncertainty of 
i%iä?;;;iäjfig;ä Eäet;};efiücéä Pi‘fefltial is obtained from gradual insertion _infit@fld 

not A0 SO A t?EÄ phase. In the Present work, gradual insertion was 

. , as this method was available to the author only after work 
on pure 2CLIQ fuids was finished. \ 

and 2 for 2CLIQ model fluids, and bete 8 mE au ' ottom of Figures 3 and 4 for 2CLJD model Auids.
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Table 1: Vapor-liquid equilibria of 30 2CLIQ model fluids. Extract from simulation 

results. The numbers in parentheses indicate the uncertainties of the last digits. 

+ indicates that instead of a vapor phase simulation the second virial coefficient 

was used. 

T* p; p!— plh hn-gs“‘ h.’mt 

L*=0, Q =0 
2.92600} 0.00852 (33) 0.82938 (25) 0.00299 (12) -26.8247 (86) -0.2197 (89) 
4.25600 0.1469 (14) 0.66404 (55) 0.04347 (53) -22.457 (15) -2.459 (33) 
5.05400 0.4120 (34) 0.4925 (31) 0.1475 (38) -17.768 (77) -6.98 (17) 
L=0,Q?=1 
2.97000} 0.00796 (49) 0.84416 (22) 0.00275 (18) -28.4469 (83) -0.212 (14) 
4.32000 0.1472 (13) 0.67461 (58) 0.04239 (62) -23.448 (17) -2.453 (43) 
5.13000 0.4108 (34) 0.4994 (24) 0.1398 (56) -18.453 (60) -G84 (26) 
L*=0,Q*=2 
3.09100} 0.0057 (11) 0.87669 (24) 0.00186 (36) -32.4004 (97) -0.165 (31) 
4.49600 0.1417 (17) 0.69986 (61) 0.03877 (86) -26.051 (19) -2.490 (77) 
5.33900 0.4199 (36) 0.5288 (22) 0.1375 (31) -20.553 (59) -7.27 (16) 
L*=0,Q”=3 

3.26700} 0.0046 (11) 0.91399 (29) 0.00144 (35) -37.714 (14) -0.155 (37) 
4.75200 0.1352 (16) 0.73335 (52) 0.03653 (67) -29.885 (19) -2.745 (76) 
5.64300 0.4213 (32) 0.5667 (17) 0.1220 (20) -23694 (53) -709 (11) 
L*=0,Q7=4 
3.47600; 0.0036 (14) 0.95228 (25) 0.00106 (43) -43.992 (13) -0.144 (58) 
5.05600 0.1202 (23) 0.77053 (46) 0.0260 (19) -34.733 (19) -204 (27) 
6.00400 0.4186 (42) 0.6079 (15) 0.1082 (27) -27.730 (54) -7.09 (18) 
L*=0.2,Q?7=0 
2.42000%$ 0.00576 (31} 0.73095 (24) 0.00244 (13) -22.5710 (79) -0.1737 (96) 
3.52000 0.1092 (11) 0.58419 (52) 0.03850 (56) -18.792 (14) -2.024 (47) 
4.18000 _ 0.2990 (22) 0.4236 (23) 0.1279 (23) -14,595 (52) -5.769 (94) 
L' =0.2,Q07=1 
2.45850} 0.00514 (39) 0.74117 (23) 0.00214 (17) -23.7142 (79) -0.158 (12) 
3.57600 0.1092 (12) 0.58928 (50) 0.03927 (80) -19.412 (14) -2.219 (69) 
4.24650 0.3123 (23) 0.4320 (30) 0.1317 (26) -15.102 (69) -6.04 (13) 
L*=0.2,Q7=2 
2,552007 0.00458 (49) 0.76427 (20) 0.00183 (20) -26.5697 (78) -0.151 (17) 
3.71200 0.1062 (12) 0.60533 (59) 0.03580 (38) -21.203 (17) -2.147 (24) 
4.40800 _ 0.3213 (27) 0.4448 (22) 0.1298 (27) -16.348 (56) -6.21 _ (11) 
L*=0.2,Q7=3 
2.68950+ 0.00300 (60) 0.79142 (26) 0.00113 (23) -30.474 (11) -0.110 (22) 
3.91200 0.1081 (16) 0.62931 (54) 0.03498 (66) -23.918 (18) -2.353 (57) 
4.64550 0.3234 (27) 0.4559 (26) 0.1147 (41) -18.074 (70) -6.11 (2U) 
L*=0.2,Q7=4 
2.86000* 0.0044 (15) 0.81978 (22) 0.00158 (53) -35.098 (11) -0.187 (63) 
4.16000 0.1061 (17) 0.65261 (48) 0.0281 (14) -27.201 (18) -194 (15) 
4.94000 0.3428 (31) 0.4877 (20) 0.1137 (42) -20.837 (61) -6.60 _ (24) 
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Table 1: continued. 
Ires* Hres* 

Tt P; ph pll'! hr€!5 h 

=04,Q”=0 
1.78750{ 0.00325 (21) 0.59531 (20) 0.00187 (13) -17.2882 (61) -0.1312 (89) 

2.60000 0.06524 (64) 0.47244 (58) 0.03277 (80) -14.213 (14) -1.708 (73) 

3.08750 0.1892 (18) 0.3417 (26) 0.1231 (59) -10.955 (54) -5.08 _ (21) 

L*=04,Q%“=1 
1.815007 0.00267 (19) 0.60158 (20) 0.00150 (11) -18.0097 (64) -0.1077 (76) 
2.64000 0.06547 (71) 0.47589 (47) 0.03121 (59) -14.605 (12) -1.626 (41) 

3.13500 0.1910 (20) 0.3273 (46) 0.1163 (41) -10.845 (96) -4.90 _ (16) 

L*=04,0*=2 
1.881007 0.00226 (33) 0.61695 (19) 0.00122 (18) -19.8956 (69) -0.096 (14) 

2.73600 0.06747 (71) 0.48583 (52) 0.03174 (31) -15.731 (14) -1.772 (22) 

3.24900 0.2002 (20) 0.3332 (39) 0.1166 (39) -11.498 (91) -5.12 _ (16) 

L =04,0*=3 
1.974507 0.00308 (45) 0.63581 (17) 0.00160 (24) -22.5113 (73) -0.144 (22) 
2.87200 0.06607 (81) 0.49850 (43) 0.02904 (41) -17.378 (13) -1.759 (3 
8.41050 002118 (21) 0.3515 (25) 0.1200 (36) -12.817 (63) -5.69 _ (16) 
L =04,Q?=4 
2.090007 0.0023 (11) 0.65625 (20) 0.00112 (54) -25.654 (10) -0.118 (57) 
3.04000 0.0670 (11) 0.51516 (44) 0.02688 (71) -19.512 (15) -1.773 (58) 
3.61000 0.2246 (21) 0.3635 (20) 0.1184 (34) -14.256 (51) -6.07 (16) 
T =0505, Q° =0 

1.55650+ 0.00275 (15) 0.54062 (17) 0.00182 (10) -15.3895 (52) -0.1289 (72) 
2.26400 0.05086 (49) 0.42814 (44) 0.02815 (29) -12.583 (11) -1.385 (17) 
2.68850 0.1487 (15) 0.2927 (50) 0.1093 (38) -931 (10) -4.42 (14) 
L*=0505,Q”=1 
1.57850+ 0.00219 (20) 0.54667 (17) 0.00142 (14) -16.0333 (55) -0.1021 (97) 
2.29600 0.05150 (62) 0.43263 (51) 0.02783 (28) -12.959 (13) -1.381 (13) 
2.72650 0.1525 (16) 0.2972 (64) 0.1123 (40) -9.55 (12) -4.59 (15) 
H =0505,Q=2 

1.63350; 0.00197 (51) 0.56070 (18) 0.00123 (33) -17.6851 (69) -0.097 (26) 
2.37600 0.05095 (61) 0.44022 (43) 0.02713 (70) -13.902 (12) -1.470 (50) 
2.82150 _ 0.1611 (19) 0.3072 (31) 0.1142 (42) -10.273 (72) -4.83 (15) 
L° =0.505, Q” =3 

1.71600$ 0.00153 (37) 0.57667 (18) 0.00091 (22) -19.9069 (70) -0.081 (20) 
2.49600 0.05254 (69) 0.45184 (47) 0.0277 (10) -15.321 (14) -1.686 (96) 
2.96400__ 0.1684 (21) 0.3064 (36) 0.1138 (54) -10.964 (90) -5.17 (22) 
L* =0.505, Q =4 

1-81500; 0.00089 (50) 0.59445 (18) 0.00049 (28) -22.5908 (89) -0.052 (30) 
ä-i‘ää g-ä'f»{ä° (£;;) O.42551 (47) 0.02598 (77) -17.109 (16) -1.672 (69) 
L;=U.G.Q"2=[l( ) 0.3220 (31) 0.1099 (37) -12.274 (84) -5.45 (18) 

1éifi)'ä gfigägä g-ägg‘;‘g(fi) 0.00148 (12) -14.0888 (46) -0.1052 (82) 
2.42250 _ 0.1286 (13) S (41) 0.02746 (70) -11.408 (10) -1.387 (55) 

2643 (34) 0.1075 (33) -8.299 (70) -4.26 (13) 



3.2 Vapor-Liquid Equilibria and Critical Point 

Table 1: continued. 

T+ p:} pM prf* h]fi£' h„re;t 

L*=06,Q#=1 
1.419007 0.00173 (16) 0.50637 (16) 0.00125 (11) -14.7048 (52) -0.0909 (83) 
2.06400 0.04212 (47) 0.39815 (47) 0.02676 (68) -11.785 (12) -1.407 (55) 
2.45100 0.1301 (14) 0.2800 (20) 0.1153 (58) -8.804 (41) -455 (18) 
L*=06,Q7=2 
1.46850* 0.00136 (23) 0.51998 (17) 0.00094 (16) -16.2362 (63) -0.075 (13) 
2.13600 0.04282 (62) 0.40725 (46) 0.0307 (19) -12.696 (13) -189 (17) 
2.53650 0.1311 (12) 0.2598 (65) 0.1016 (32) .-879 (14) -432 (12) 
L*=06,Q®=3 
1.54000+ 0.00144 (25) 0.53541 (17) 0.00095 (17) -18.2738 (74) -0.086 (15) 
2.24000 0.04270 (57) 0.41820 (41) 0.02300 (33) -13.986 (13) -1.289 (25) 
2.66000 0.1398 (15) 0.2792' (44) 0.1058 (48) -9.87 (10) -473 (19) 
L =06,0*=4 
1.62800+ 0.00083 (32) 0.55127 (21) 0.00052 (20) -20.655 (11) -0.055 (22) 
2.36800 0.04378 (81) 0.43014 (48) 0.02306 (70) -15.565 (16) -1.495 (68) 
2.81200 0.1487 (16) 0.2959 (20) 0.1028 (31) -11.108 (55) -499 (14) 
L' =08,Q7=0 
1.17700} 0.00143 (15) 0.43844 (13) 0.00124 (14) -12.2840 (39) -0.090 (10) 
1.71200 0.03152 (36) 0.34003 (50) 0.02282 (22) -9.768 (12) -1.090 (12) 
2.03300 0.0972 (11) 0.2103 (44) 0.0969 (32) -6.664 (91) -3.71 (11) 
L*=08,Q?7=1 
1.18800} 0.00120 (18) 0.44763 (13) 0.00103 (16) -13.0246 (43) -0.078 (12) 
1.72800 0.02961 (36) 0.34908 (40) 0.02164 (26) -10.278 (10) -1.099 (12) 
2.05200 0.0922 (10) 0.2460 (15) 0.0874 (24) -7.628 (38) -3.493 (83) 
L*=08,Q*=2 
1.22650* 0.00083 (20) 0.46255 (15) 0.00069 (17) -14.5252 (60) -0.058 (15) 
1.78400 0.02859 (42) 0.36096 (43) 0.01992 (37) -11.232 (12) -1.109 (19) 
2.11850 0.09230 (95) 0.2449 (25) 0.0813 (22) -8.067 (56) -3.461_ (87) 
L*=08, Q =3 
1.27600+ 0.00053 (16) 0.47977 (14) 0.00042 (13) -16.4793 (60) -0.043 (13) 
1.85600 0.02629 (53) 0.37721 (36) 0.0144 (11) -12.622 (12) -0,76 (11) 
2.20400 0.0887 (10) 0.2694 (15)) 0.0699 (34) -9.309 (38) -3.29 (17) 
L*=08,Q7=4 
1.34200; 0.00033 (26) 0.49548 (17) 0.00025 (19) -18.6173 (83) -0.030 (24) 
1.95200 0.02440 (67) 0.39236 (38) 0.01619 (54) -14.226 (13) -1.157 (71) 
2.31800 _ 0.09208 (95) 0.2893 (14) 0.0684 (15) -10.673 _(36) -3.521 (74) 

33
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Figure 1: Temperature- density coexistence curves of 2CLJIQ model fluids with Q e (top) and Q*? =4 (bottom). Symbols: simulation data. — 2CLJIQ (‘0r1'( € 
tion, cf. Chapter 3.2.2.2. — . _ Rectilinear diameter from 2CLJQ correlation. 
—— 2CLJQ equation of state [268, 339]. Error bars are, if not indicated, 
within symbol size,
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A L’'=0.8 

IEE 

0.1 

Figure 2: Vapor pressure curves of 2CLJQ model fluids with Q*?=1 (top) and 

Q = 4 (bottom). Symbols: simulation data. — 2CLJQ correlation, cf. 

Chapter 3.2.2.2. — — — 2CLJQ equation of state [268, 339]. Eıror bars are, if 

not indicated, within symbol size. 
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; 4ibri ; del fAuids. Extract from simulation Z _Jiquid equilibria of 38 2CLIJID mo B b 

Za Vapf; lqThe n?1qmbers in parentheses indicate the uncertainties uf_tl'u last c!1g}zts. 

tP[e'Su(iilc'a‘t.las 't%hat instead of vapor phase simulations the second virial coeffcijent indie: st 

was used. 

I (# hres* h'es* 
HE D D E 

F 368419 (57) 02279 (27) 2.926007 — 0.00883 (10) 0.82998 (20) 0.00310 (4) -26.8419 (57 I0M 
3457 (15) 459 (33) 4.25600 0.1469 (14) 0.66404 (55) 0.04347 (53) “2;-738 „;) 2 Un 

5.05400 0.4120 (34) 0.4925 (31) _0.1475 (38) -17. c 

BA ; -0.2347 (26) 3.07290$ 0.00783 (8) 084391 (19) 0.00262 (3) -3G-Üg;3 {'1“_’; 2ı z 
4.46960 0.1476 (16) 0.67441 (56) 0.04122 (46) -24.70? ;_;_) S 
5.30770 _ 0.4245 (37) 0.5001 (30) 0.1472 (38) -19.5 7 : 
L':Ü._ ILL‘E$6 . — a 

3.33250$ 0.00599 (8) 0.85910(17) 0.00184 (3) -35.1985 (96) ‚o.(2(‚oa (4;_; 
8964 (48) 0.03466 (45) -29.143 (16) -2.970 ( 484720 0.1352 (14) 0.68964 ( A S 

5.75065 _ 0.4053 (35) 0.5200 (20) 0.1224 (31) -23.346 ( . 2 
E —— 

E E 8 G 3.63830j 0.00513 (8) 0.87156(21) 0.00145 (2) -40.872 (31) n333;7 E(;3; 
5.29200 0.1199 (17) 0.69981 (55) 0.02821 (48) -34.055 (20) -3.47% S 
6.28430 _ 0.3909 (35) 0.5362 (19) 0.1082 (30) -27.867 (60) -9.37 _ (2? 
L =0, 4” =12 E 
4.01780} 0.00435 (91) 0.87717 (26) 0.00111 (24) -46.773 (12) ‚0.4a::io (1_[:1)) 
5.84400 0.2191 (19) 0.69862 (53) 0.02602 (39) -38.948 (20) 4482 (_3\ 
6.93975 _ 0.3852 (45) 0.5301 (20) _0.0889 (62) -32.038 (67) -10.51 (5 
L =0, U7 =16 8 
4.53370f 0.00323 (35) 0.88692 (27) 0.00073 (8) -55.163 (19) * -0.626  (70) 
6.77600 0.1352 (28) 0.67890 (68) 0.02720 (96) -45.066 (27) -6.84 ) 
7.91330 _ 0.4209 (54) 0.5062 (31) 0.1000 (26) -37.29 (11) -15.05 _ (35) 
Lo =03 If2;20 

5.11670$ 0.00305 (48) 0.89663 (41) 0.00062 (10) -64.216 (33) -0.94 (15) 
7.60000 0.1335 (33) 0.67349 (71) 0.0248 (11) -52.230 (28) -9.14 ; 
8.93080 _ 0.4475 (92) 0.4862 (89) 0.1029 (41) -42.93 (232) -19.56 (62) 
L =02.07=0 
2.420007 0.00576 (31) 0.73095 (24) 0.00244 (13) -22,5710 (79) -0.1737 (96) 
3.52000 0.1092 (11) 0.58419 (52) 0.03850 (56) -18.792 (14) -2.024 (47) 
4.18000 _ 0.2990 (22) 0.4236 (23) 0.1279 (23) -14.595 (52) -5.769 (94) 
FP= 0.2, ;.I.'2 C 

2.53720$ 0.00506 (6) 0.74233 (15) 0.00204 (2) -25.1959 (76) O17& (Z1) 369040 0.1080 (10) 0.59307 (52) 0.03727 (31) -20.711 (15) -2.292 (19) 438240 _ 0.3046 (26) 0.4289 (35) 0.1265 (32) -15.900 (86) -6.34- (15) L =02, 47 =6 
2.74340j 0.00397 (5) 0.75312 (20) 0.00148 (2) -29.2578 (80) 
3:99040 0.0971 (10) 0.60338 (46) 0.03053(47) -24.126 (15) 4.73860 _ 0.2965 (27) 0.4490 (24) 

-0.2074 (26) 
2555 (45) 

0.1115 (30) -19.121 (64) -6.97 (18) 



Table 2: continued. 

3.2 Vapor-Liquid Equilibria and Critical Point 

7 D p ü K nm 
D=02,4"=9 

2.98490} 0.00315 (5) 0.76127 (17) 0.00108 (2) -33.6769 (83) -0.2596 (40) 
4.34160 0.0845 (11) 0.60947 (45) 0.02362 (29) -27.041 (15) -2.726 (38) 
5.15570 _ 0.2825 (29) 0.4630 (18) 0.1001 (30) -22.710 (53) -8,.23 (20) 
L =02, u7=12 
3.287907 0.00319 (5) 0.76489 (21) 0.00100 (2) -38.165 (11) -0.3912 (59) 
4.78240 0.0830 (17) 0.60746 (47) 0.0229 (10) -31.755 (17) -384 (20) 
5.67910 0.2921 (31) 0.4581 (16) 0.0966 (44) -25.058 (48) -9.82 (36) 
I =0.2,4* = 16 
3.71250t 0.00191 (57) 0.76778 (17) 0.00053 (16) -444425 (75) -037 (1} 

5.44000 0.0913 (20) 0.59958 (58) 0.02294 (83) -36.866 (22) -5.47 (24) 
6.41250 0.3067 (36) 0.4424 (22) 0.0966 (26) -30.213 (73) -12.92 _ (29) 
L*=04, 47=0 
1.787507 0.00326 (3) 0.59571 (11) 0.00187 (2) -17.2882 (60) -0.1314 (14) 
2.60000 0.06524 (64) 0.47244 (58) 0.03277 (80) -14.213 (14) -1.708 (73) 
3.08750 0.1892 (18) 0.3417 (26) 0.1231 (59) -10.955 (54) -5.08 (21) 
L*=04, u =3 

1.86835} 0.00271 (3) 0.60327 (11) 0.00149 (2) -19.2066 (54) -0.1316 (16) 
2.71760 0.06292 (78) 0.47941 (49) 0.0317 (13) -15.655 (13) -1.97 (13) 
3.22715 0.1830 {14) 0.3362 (25) 0.1048 (26) -11.808 (58) 492 (12) 
L*=04, u7=6 
2.010257 0.00205 (3) 0.61042 (12) 0.00104 (1) -22.1685 (55) -0.1547° (20) 
2.92400 0.05441 (67) 0.48638 (43) 0.02355 (39) -18.139 (13) -1.093 (34) 
3.43968 0.1632 (15) 0.3710 (16) 0.0839 (17) -14.631 (42) -5.123 (89) 
=04, u77 =9 
2.17415* 0.00156 (2) 0.61655 (14) 0.00073 (1) -25.4563 (61) -0.1937 (29) 
3.16240 0.04737 (81) 0.49242 (42) 0.01895 (42) -20.979 (14) -2.271 (50) 
3.75535 _ 0.1605 (19) 0.3697 (16) 0.0770 (21) -16.889 (46) -6.02 (13) 
L*=0.4, u77 =12 
2.38315* 0.00137 (2) 0.61865 (16) 0.00059 (1) -28.7404 (84) -0.2600 (35) 
3.46640 0.0455 (15) 0.48990 (44) 0.0179 (32) -23.731 (15) -3.06 (69) 
4.09920 _ 0.1590 (28) 0.3699 (16) 0.0732 (33) -19.401 (47) -7.23 (24) 

* =0.505, 7 =0 
1.55650t* 0.00237 (3) 0.54105 (10) 0.00156 (2) -15.3899 (52) -0.1103 (13) 
2.26400 0.05086 (49) 0.42814 (44) 0.02815 (29) -12.583 (11) -1.385 (17) 
2.68850 0.1487 (15) 0.2927 (50) 0.1093 (38) -9.31 (10) -442 (14) 
L* =0.505, u77 =3 
1.58070+ 0.00147 (2) 0.55324 (9) 0.00095 (1) -17.2624 (51) -0.0898 (12) 

2.36500 0.04830 (58) 0.43338 (43) 0.02539 (69) -13.835 (12) -1.464 (53) 
2.80820 _0.1479 (18) 0.3121 (36) 0.1016 (33) -10.593 (82) -4.65 _ (15) 
L* =0.505, u?7= 6 
1.74520$ 0.00148 (2) 0.55403 (11) 0.00087 (1) -19.6812 (58) -0.1371 (19) 

2.53800 0.04245 (64) 0.44031 (36) 0.02117 (49) -16.031 (11) -1.758 (46) 
3.01435 0.1365 (12) 0.3203 (32) 0.0849 (34) -12.472 (75) -499 (17) 
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Table 2: continued. 
® 

I# prr:v hlr?s" h''res 

T* D L 
L =0.505, w*=9 
1.88320f 0.00108 (2) 0.55953 (11) 0.00059 (1) -22.5779 (61) -0.1731 (27) 

2.73900 0.03763 (74) 0.44532 (42) 0.0211 (23) -18.511 (13) -2.77 (41) 

3.25280 0.1252 (14) 0.3321 (16) 0O.O715 (16) -14.842 (41) -5.59 _ (11) 

F =0.505, 4 =12 
2.06030{ 0.00096 (1) 0.56200 (13) 0.00048 (1) -25.4946 (73) -0.2481 (35) 

2.99000 0.0352 (10) 0.44477 (41) 0.0159 (30) -20.985 (13) -2.73 (66) 

3.56000 0.1256 (19) 0.3223 (19) 0.0702 (30) -16.723 (56) -6.79 _ (20) 

L =0.6, 47 =0 
1.402507 0.00197 (2) 0.50039 (9) 0.00144 (2) -14.0889 (46) -0.1027 (11) 

2.04000 0.04288 (48) 0.39339 (41) 0.02746 (70) -11.408 (10) -1.387 (55) 
2.42250 0.1286 (13) 0.2643 (34) 0.1075 (33) -8.299 (70) -4.26 (13) 
L”=06/ 0 =3 
1.40800f 0.00106 (2) 0.51372 (8) 0.00076 (1) -15.8529 (52) -0.0751 {11} 
2.12500 0.04056 (48) 0.39966 (40) 0.02425 (41) -12.580 (11) -1.407 (25) 
2.45952 0.1047 (11) 0.3067 (13) 0.0706 (38) -10.124 (29) -3.35 _ (17) 
L =06 u =6 
1.566407 0.00117 (2) 0.51251 (11) 0.00077 (1) -18.0029 (61) -0.1286 (18) 
2.27840 0.03499 (59) 0.40589 (38) 0.01938 (59) -14.577 (11) -1.615 (54) 
2.70560 0.1181 (14) 0.2987 (32) 0.0863 (27) -11.399 (77) -4.91 (14) 
Z =060 9 
1.68800$ 0.00082 (1) 0.51756 (11) 0.00050 (1) -20.6624 (61) -0.1637 (23) 
2.45500 0.0276 (12) 0.40916 (39) 0.01464 (57) -16.807 (12) -1.888 (56) 
2.88515 0.0979 (13) 0.3160 (11) 0.0629 (33) -13.769 (27) -4.94 (21) 
T =06 17R 
1.84250* 0.00071 (1) 0.52036 (13) 0.00040 (1) -23.3629 (78) -0.2435 (31) 
2.68000 0.0265 (15) 0.40876 (41) 0.0123 (13) -19.059 (13) -2.06 (26) 
3.15552  0.0989 (18) 0.3071 (21) 0.0632 (37) -15.509 (56) -6.18 (26) 
L =08, 7 =0 
1.17700$ 0.00135 (2) 0.43871 (9) 0.00118 (2) -12.2841 (39) -0.0855 (11) 
1.71200 0.03152 (36) 0.34003 (50) 0.02282 (22) -9.768 (12) -1.090 (12) 
2.03300 _ 0.0972 (11) 0.2103 (44) 0.0969 (32) -6.664 (91) -3.71 (11) 
K=08,07=3 
1.17150$ 0.00065 (1) 0.45198 (9) 0.00057 (1) -13.8571 (45) -0.05905 (90) 
1.77200 0.02847 (34) 0.34700 (35) 0.02044 (37) -10.8032 (93) -1.193 (26) 
2.10430 _ 0.0925 (10) 0.2421 (96) 0.0952 (36) -7.98 (20) -4.09 (13) 
I =08, 07 =6 

1.30130$ 0.00070 (1) 0.45104 (10) 0.00055 (1) -15.7904 (55) -0.1031 (15) 
äfii;g 33ä0 $ää gä:;ga Eää g.g;gga(;7) -12575 (1‘1) -1.482 (8i:') 
S - (26) -9.692 (38) -4.12 (19) 

1381607 0.00043 (1) 0.45755 (10) 0.00032 (1) -18.3431 (57) -0.1412 (25) ä.39{.;20 0.02041 (58) 0.36185 (34) 0.01305 (52) -14.691 (10) -1.707 (65) S0 00725 (11) 02632 (21) 0.0517 (19) -11.524 (51) -407 (14) 
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Table 2: continued. 

T' P,'‚- pi— p„. h]reg' h‚„.‚ä. 

T =08, u7= 12 
1.52096* 0.00037 (1) 0.46033 (13) 0.00025 (1) -20.8029 (69) -0.2326 (40) 
2.19840 0.01671 (78) 0.36363 (33) 0.0084 (11) -16.796 (11) -162 (23) 
2.61060 0.0658 (12) 0.2648 (12) 0.0442 (44) -13:318 (33) -4.62 (36) 
Y=10. 4 “*=0 
0.97900$ 0.00050 (1) 0.41024 (7) 0.00052 (1) -11.5972 (43) -0.04220 (67) 
1.50750 0.02504 (30) 0.30729 (43) 0.0184 (14) -8.871 (11}) -0.931 (89) 
1.69100 0.05413 (62) 0.2461 (13) 0.0436 (44) -7.358 (29) -1.93 (18) 
100 =3 
1.02850+ 0.00044 (1) 0.41346 (9) 0.00043 (1) -12.8117 (48) -0.04662 (66) 
1.50750 0.01711 (27) 0.32581 (31) 0.01378 (28) -10.1499 (90) -0.848 (17) 
1.77650 0.05688 (68) 0.25218 (96) 0.0495 (52) -8.122 (23) -239 (24) 
P= 100 =6 
1.089007 0.00026 (1) 0.42225 (8) 0.00024 (1) -15.0377 (51) -0.0568 (11) 
1.62000 0.01403 (48) 0.32977 (34) 0.01014 (65) -11.761. (10) -0.921 (74) 
1.90000 0.05034 (73) 0.2575 (10) 0.0464 (16) -9.533 (27) -2.98 (10) 

P=10,.0*=9 
1.17700; 0.00018 (1) 0.42930 (9) 0.00015 (1) -17.5873 (90) -0.0976 (45) 
1.71200 0.01020 (51) 0.34335 (28) 0.0103 (18) -14.056 (10) -224 (56) 
2.03300 0.04132 (86) 0.26785 (87) 0.0294 (28) -11.437 (24) -277 (22) 
F=10,4*=12 
1.307407 0.00014 (1) 0.43197 (11) 0.00011 (1) -20.166 (12) -0.1711 (40) 
1.90160 0.01033 (65) 0.34090 (33) 0.00665 (27) -15.996 (12) -1.484 (15) 
2.28190 0.0501 (10) 0.2482 (23) 0.0471 (31) -12.506 (62) -5.09 _ (32) 
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Figure 3: Temperature-density coexistence curves of 2CLJD model fuids with u*?=3 

(top) and w*? = 12 (bottom). Symbols: simulation data. — 2CLJD correla- 
tion, cf. Chapter 3.2.2.2, — . — Rectilinear diameter from 2CLJD correlation. 
7 —— 2CLJD equation of state [189, 268, 339], range of validity L* < 0.8, cf. 
page 27. Error bars are, if not indicated, within symbol size.
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Figure 4: Vapor pressure curves of the 2CLJD model fluids with *2 =3 (top) and 

w*? = 12 (bottom). Symbols: simulation data. —— 2CLJD correlation, cf. 

Chapter 3.2.2.2. — — — 2CLJD equation of state [189, 268, 339], range of va- 

lidity L* <0.8, cf. page 27. Error bars are, if not indicated, within symbol



42 3 VAPOR-LIQUID EQUILIBRIA OF MODEL CLASSES 

For models with small polar momenta and for models with elongations near Z* = 0.505, 

the present results and the results from the equations of state agree well. This is due to 

the fact. that the polar contributions to the equations of state are based on data of 2CLIQ 

and 2CLJD model fluids with £* = 0.505. For other elongations considerable deviations 

between the equations of state and present simulation data are observed. In most cases 

the equations of state underestimate the saturated liquid densities and overestimate the 

saturated vapor densities. Where significant deviations oCcur, the vapor pressures from 

the 2CLJQ equation of state are higher than those from the present simulations. The 

vapor pressures from the 2CLJD equation of state generally agree well with simulation 

data, except for 2CLJD model fluids with high dipolar ınomenta and large elongations, 

where the equation of state overestimates the vapor pressures, cf. Figure 4, bottom. 

The critical data of the 2CLJIQ and 2CLJD model fluids were determined according to 

a simple but reliable method applied by Lotfi et al. [234] for the unpolar 1CLJ model fluid. 

In order to correlate the saturated liquid and vapor densities as functions of temperature, 

Lotfi et al. [234] suggested the following empirical expressions, that were also used in the 

present work 

B SR TEL T, (123) 

E ON E D O (124) 

Equations (123) and (124) contain the term (T+ — T*)®, ef, [137, 337], that is known 

for good description of the density-temperature dependence near the critical point. For 

each model fluid, the coeffieients C,, C3, Ci, CY, CY, and the eritical data T* and p} were 

obtained from simultaneous fitting of Equations (123) and (124) to the saturated liquid 

and vapor density data. The critical temperatures and densities for the 2CLJIQ model 

Auids are listed in Table 3, those for the 2CLJD model fuids in Table 4. In most cases 

critical temperatures from the present work are lower than those obtained from the hybrid 
equations of state. 

Uncertainties of 77 and p* were estimated from the scattering of the values of T7 
and p} obtained from refitting modified saturated density data sets that contained data 
that were perturbed stochastically within the uncertainties of the saturated densities. 
Standard deviations were about o(T?) = 0.005 and o(p*) = 0.0005. Consequently, the 
Pl'f5ent’ c.ritica.l temperatures are certain up to the second, the critical densities up to the 
third digit after the decimal point. 

3.2.2 _ Global Correlation 

In ;)rdet to obtain vapor-liquid equilibrium data for any value of polarity, elongation 
0; erflperature‚. f?rlobal correlation functions for the eritical temperatures PE 
the critical densities DA L*), the saturated liquid and vapor densities p'*( n 

( 2 * and p”*(P**, L*,T*), and the vapor pressures Inp}(P*, L*,T*) were developed on the
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Table 3: Critical temperature 77, density p£, pressure pf, compressibility factor Z., and 

the acentric factor w, cf. Equation (129), of 30 2CLIJQ model fAluids. 

Q# ] L=0 0.2 0.4 0.505 0.6 0.8 

0 5.236 4313 3163 2735 0 200 2000008 
0.3143 0.2740 0.2251 0.2032 0.1850 0.1577 | p* 
0.4736 0.3670 0.2116 0.1616 0.1353 0.0995 | p! 
0.2878 0.3106 0.2972 0.2908 0.2980 0.3079 | Z. 
-0.0542 -0.0245 0.0308 0.0514 0.0589 0.0755 | w 

1 5.312 4.388 3.195. 2770 0 24990 200 
0.3169 0.2796 0.2259 0.2036 0.1863 0.1619 | p* 
0.4770 0.3795 0.2116 0.1646 0.1416 0.1047 | p! 
0.2834 0.3093 0.2932 0.2918 0.3041 0.3084 | Z. 
-0.0313 -0.0095 0.0486 0.0662 0.0701 0.0914 | w 

2 5.575 4.554. ° 3316 2875° *' 258077 721600177 
0.3197 0.2832 0.2256 0.2090 0.1888 0.1652 | pt 
0.5128 0.3944 0.2243 0.1753 0.1465 0.1028 | p* 
0.2877 0.3058 0.2998 0.2917 0.3008 0.2881 | Z: 
0.0125 0.0351 0.0825 0.0991 0.1113 0.1549 | w 

3 5.968 24.807 23.489 3007 726% 2266 | 7* 
0.3303 0.2880 0.2309 0.2097 0.1940 0.1680 | p} 
0.5686 0.4166 0.2407 0.1835 0.1525 0.1069 | pf 
0.2884 0.3009 0.2988 0.2910 0.2917 0.2808 | Z. 
0.0605 0.0902 0.1305 0.1514 0.1656 0.2154 | w 

4 6.398 25.143 23692 31095 2866 2408 [T° 
0.3395 0.2908 0.2358 0.2143 0.1960 0.1710 | p} 
0.5944 0.4460 0.2540 0.2003 0.1665 0.1134 | pf 
0.2736 0.2982 0.2918 0.2925 0.2964 0.2754 | Ze 
0.1067 0.1394 0.1900 0.2034 0.2145 0.2652 | w 

basis of the present simulation data. The correlations T+(P*?, L*), p*(P**, L*,T*), and 

Inp}(P**, L*,T*) are the key tools for 2CLJQ and 2CLJD modeling of real Auids. 
The global vapor pressure correlations are also useful for verifying the thermodynamic 

consistency of the vapor-liquid equilibrium data by the means of the Clausius-Clapeyron 

©quation. Moreover, the global correlations allow comparisons with results of other au- 

thors, 

It should be pointed out, that the global correlations are mere tools that cast the 

present simulation results into a manageable mathematical context needed for a particular 

application. They are not designed to compete with equations of state, and it was not 
in the scope of the present work to develop new or improved equations of state for the 

2CLIQ or 2CLJD model Auids.
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Table 4: Critical temperature T?, density p£, pressure pf, compressibility factor Z., and 

the acentric factor w, cf. Equation (129), of 38 2CLJD model fluids. 

W EZ00 82 0.4 0.505 0.6 0.8 1.0 

3 5.475 4.521 3.311 2.871 2,558 2.127 1.876 | T7 

0.3197 0.2808 0.2237 0.2028 0.1868 0.1611 0.1449 | pf 

0.5157 0.3619 0.2133 0.1711 0.1378 0.0932 0.0856 | p} 

0.2946 0.2851 0.2880 0.2939 0.2884 0.2720 0.3149 Z 

-0.0191 0.0055 0.0528 0.0720 0.0958 0.1475 0,1797 | w 

6 5.990 4.917 3.591 3.100 2.774 2.316 2.010 | 77 

0.3169 0,2781 0.2202 0.2017 0.1839 0.1576 0.1428 | pf 

0.5179 0.3624 0.2105 0.1677 0.1342 0.0894 0.0824 | p} 

0.2728 0.2650 0.2662 0.2682 0.2631 0.2449 0.2871 | Z. 

0.0214 0.0471 0.0976 0.1179 0.1429 0.1987 0,2398 | w 

9 6.585 5.382 3.909 3,377 3.040 2.520 S IS 

0.3124 0.2700 0.2164‘ 0.1959 0.1790 0.1510 0.1382 | pf 

0.5098 0.3594 0.2078 0.1646 0.1304 0.0839 0.0765 | pz 

0.2478 0.2473 0.2457 0.2488 0.239% 0.2205 0.2542 | Z 

0.0687 0.0938 0.1457 0.1669 0.1936 0.2565 0.3114 | w 

12 | 7.289 5.945 4.282 3.676 3.273 2.713 2370 | T7 

0.3033 0.2647 0.2122 0.1921 0.1765 0.1519 0.1376 | p* 

0.5067 0.3619 0.2095 0.1651 0.1291 0.0797 0.0716 | pf 
0.2292 0.2300 0.2306 0.2338 0.2235 0.1934 0.2196 | Z. 

0.1159 0.1396 0.1921 0.2145 0.2435 0.3163 0.3881 | w 
16 | 8.249 6.654 - * z n TE 

0.29061 0.2565 - z S z E pf 

0.5202 0.3795 - * © % N pf 

0.2130 0.2224 = - - z z Z 

0.1732 0.1945 - - S ® B e 

20  9.164 - z z z E TT 

0.2884 > z &. } © S pf 

0.5567 _ - PE 3 M E pt 

0.2106 - < S x J3 ir Z. 

0.2220 - z A K \ 2a E 

3.2.2.1 _ Critical Properties 

The correl.ation functions T5(P**, L*) and p!(P*?, £*) are linear combinations of elemen- 
tary functions. Thaf& elementary functions are a constant c, plus further funetions ı; (P*?) A * x * 4 A ı or &(L*) or x; (P?,£*). Thus, the linear combination of elementary functions writes as 

Yharat z + da wherein y (P*?, L*) represents the critical temperature or the critical density. In Equa- tion (125), the number of the elementary functions ı; (P*?) and £; (L*) was restrieted to
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up to two and the number of the elementary functions x; (P**, L*) was limited to four in 

the 2CLJQ case and to three in the 2CLJD case, 

The elementary functions ı; (P**), &; (L*), and x; (P*?, L*) were chosen empirically in 
order to obtain low relative deviations between correlation and simulation data. The same 

elementary function &; (L*) were used for both the 2CLJQ and the 2CLJD case, whereas 

the elementary functions ; and X; differed for the two cases. 

The constant and the coefficients in Equation (125) were determined by a non-weighted 

least squares fit of the sets of critical data of all 30 2CLJQ or all 38 2CLJD model 

Auids. The elementary functions and the coefficients for the global correlations T*(Q**, L*) 

and p1(Q*?, L*) are given in Table 35 in Appendix D. Table 36 in Appendix D contains 

the elementary functions and the coefficients for the global correlations T*(u**, L*) and 

p4(wW?, L*). The quality of the correlations can be studied in Figures 5 and 6. Most relative 

deviations of 7* are within 1 %. The critical densities are represented with roughly the 

same quality. 
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Figure 5: Critical data of 2CLJQ model Auids: relative deviation of simulation data 

(sim) to 2CLJQ correlation (cor). Top: eritical temperature. Bottom: eritical 

density. Symbols are: Q*? =0 (e), 1 (m), 2 (#); 3 (4),; 4 (T7).
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Figure 6: Critical data of 2CLJD model fluids: relative deviation of simulation data 
(sim) to 2CLJD correlation (cor). Top: critical temperature. Bottom: critical 
density. Symbols are: ** = 0 (e), 3 (m), 6 ($), 9 (A), 12 (V), 16 (*), 20 (+). 

3.2.2.2 _ Saturated Densities, Vapor Pressure 

The global temperature-saturated density correlations p (P*2, L*, 7*) and p”*(P**; L*,T*) 
are based on Equations (123) and (124), wherein all coefficients C to C7 and, of course, T} 
and p} are functions of the model parameters. The fancllons Z (P, Z*) and p1(P**, L*), 
i.e. the global correlations of the critical temperature and the critical density, cf. Chapter 
3.2.2.1, are part of the global temperature-saturated density correlations. The functions 
C{P*?, L*) to CH(P*, L*) 
Equation (125). 

The global vapor pressure carrelations Inp;(P**, L*,T*) are based on a polynomial 
linear combination 

are linear combinations of elementary functions according to 

* \ _ C C3 r Inp}(T*) fiC1+ä‚—*+i_‚—ä‚ (126) 

performance in correlating vapor pressure data for 
each of the 2CLIQ and 2CLID model Auids. It has already been used in previous works 
of Lotfi et al. [234] and Kriebel et al, [191]. In Equation (126) the coefficients cı1, C2; and c3 are funetions of the model parameters, they are linear combinations of elementary functions according to Equation (125). 

that has been chosen due to its excellent
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The elementary functions required for the coefficient funetions‘ C,(P**, L*) to 
CH{P*?, L*) and cı ( P*?_ L*) to cs(P*?, L*) were chosen empirically in order to obtain low 

relative deviations between correlation and simulation data. 

Given the elementary functions, all coeffieients required for the global temperature- 

saturated density correlations p"(P*?, L*,T*) and p”*(P*?, L*,T*) and for the global va- 

por pressure correlations In p4(P**, L*,T*) are determined by uncertainty-weighted least 

squares minimizations 

X [n I0 ( L4,77) — Aima]” + zr [0P* (P7%, 4, 17) — Aa]?] - min, (127) 
i . : 

1 

> fir [Inp (P7?, L, 77) — Inposim]” = min, (128) 

wherein the sums run over the complete saturated density data sets or the complete 

vapor pressure data sets. The elementary functions and the coefficients for these global 

correlations are given in Appendix D in Table 35 for the 2CLJQ model fluids and in 

Tabie 36 for the 2CLJD model fuids. 

Comparisons between the global correlations and the simulation data were already 

presented in Figures 1 and 2 for the 2CLJQ model fluids and in Figures 3 and 4 for 

the 2CLJD model fluids. Figures 7 and 8 exemplarily show relative deviations of the 

simulation results from the global correlations. Typically, the saturated liquid density 

correlation has the largest deviations for the highest temperature of each model, which 
is due to the large simulation. uncertainties in the near critical region. The saturated 

liquid density correlations show small relative deviations in the range of 0.4 % for mid 
temperatures which are most. important for the adjustment of 2CLJQ and 2CLJD model 

parameters to Teal fluids. In most cases, the vapor pressure correlations represent the 
simulation data within their uncertainties. It has to be mentioned, that, except for 2CLJD 
simulations with gradual insertion, vapor pressures at low temperature state points can 
be largely uncertain due to the uncertain values of the configurational part of the chemical 
potential obtained from the test particle insertion method in dense liquid phases. 

Relative deviations of the saturated vapor densities are not illustrated here. The global 

Vvapor density correlations p” (Q**, L*) and p"* (u*?, L*) should not be used below about 

0.60-7.(P"?, L*), At low temperatures these two correlations are not useful as they do 
Not, due to their completely empirical nature, capture the limiting case of the ideal gas, 
?‘f‘hiCh is independent of the model parameters L* and Q** or u*?. Nonetheless, as shown 
in Figures 1 and 3, these two global correlations describe the saturated vapor densities 

Correctly for temperatures beyond 0.60 - T (P*?, L*). 
The acentrie factor [319] can be calculated from the global vapor pressure correlations 

When it is slightly extrapolated to the critical point 

p (P2 E, 0.7:7%) 
DF D 
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Figure 7: Vapor-liquid equilibria of 2CLJ Q model fluids: relative deviation of simulation 
data (sim) to 2CLJQ correlations (cor). Top: saturated liquid density, full and 
empty symbols are for L* = 0 and £* = 0.505 respectively, with Q*? =1 (e, 
9), 4 (A, A). Bottom: vapor pressure, full and empty symbols are for L* = 0 
and L* = 0.8 respectively, with Q*? =0 (e, 0), 4 (A, A). 

The critical pressures and the acentric factors for the 2CLJIQ model fluids are given in 
Table 3, those for the 2CLJD model fluids in Table 4. As expected, the acentric factor 
increases with increasing polarity and elongation. Moreover, Tables 3 and 4 contain the 
critical compressibility factor 

E = / T). (130) 

3.2.3 Comparison to Results of Other Authors 

Similar, but less comprcehensive investigations of vapor- 
moödel fluids discussed in Chapter 3.2.2 are available in literature, cf. Table 5. In that 
table, also systematic studies of vapor-liquid equilibria of other model fluids than those studied here are summarized. Furthermore, in those works, other simulation methods such as the Gibbs Ensemble Monte Carlo or Gibbs-Duhem Integration were applied. Among 

liquid equilibria of various of the
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Figure 8: Vapor-liquid equilibria of 2CLJD model fluids: relative deviation of simulation 

data (sim) to 2CLJD correlation (cor). Top: saturated liquid density. Bottom: 

vapor pressure. Symbols are: ® 1CLJD with u*? = 9, #! 2CLJD with 4” = 6 

and Z* = 0.4, # 2CLJD with u*? = 9 and L* = 0.505, A 2CLJD with jp*? =6 
and Z*=1. 

these investigations, the work of Lisal et al. [221] on the vapor-liquid equilibria of twenty 

2CLJD model fluids, with w? =0...12 and Z* = 0.22...0.67, is the most extensive one. 

Lisal et al. 1221] reported eritical data and correlations for vapor pressures and saturated 

densities for each of the twenty 2CLJD model fluids. Apart from vapor-liquid equilibria, 

Systematic investigations of second virial coefficients of 2CLJD fluids are available from 

Eeg;}1 et al. [406], and of third virial coefficients of 2CLIQ Auids from MacDowell et al. 
44]. 

In Figures 9 and 10, the results from the present work are compared with the simulation 
results of other authors for the 2CLJQ and 2CLJD model fluids. Data is taken from Lotfi 

°t al. [234] for 1CLJ model fluids, from van Leeuwen et al. [405] for 1CLJD (Stockmayer) 
model fuids, from Stapleton et al. [373] and Smit et al. [365] for 1LCLJQ model fluids, 

from Kriebel et al. [191] and Kronome et al. [197] for 2CLJ model fluids, from Dubey et 
al [83] and Lisal et al. |220, 221, 222] for 2CLJD model fluids, and from Möller et al.
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Table 5: Literature survey: systematic investigation of vapor-liquid equilibria and ther- 

mophysical properties of classes of model fluids. The index n6 indicates, that 

the exponent of the repulsive term of the Lennard-Jones potential function, cf, 

Equation (1), was varied. 

[116, 120, 122, 197] 

[343] 
[83, 220, 221, 222] 
[282, 339, 381] 

(82] 
Other models 

[128, 408] 
[136] 
[387] 
1224) 
[256] 

(386, 4401 
[92] 

[123] 
[124) 

1428] 

Refs. Model 

Lennard-Jones based models 

[234] 1CLJ 
| D42) 1CLJ plus Keesom potential 

[108] 1CLJ.6 with n = 12,18,24 

| [309] 1CLJ„6 with n =7 —32 
[192, 402] 1CLJD 
[193] 1CLJD, polarizable 
[1741 1CLJID, polarizable 

(365, 373] 1CLIQ 
[310] modified 1CLIJQ 
[18, 108, 191, 366, 405] 2CLI 

2CLJ plus three-body Axilrod-Teller potential 

2CLID 
2CLIQ 
2CLIDQ 

spherical square-well 

spherical square-well plus point octupole 

two-center square-well 

two-center square-well, homo- and heteronuclear 

square-well spherocylinders 

Buckingham exponential-6 

modified Buckingham exponential-6 

Kihara plus point quadrupole 

Kihara plus point dipole 

hard sphere reference potential 

plus augmented Sutherland potential 

plus point quadrupole 

[282] for 2CLIQ model fuids. 

Figures 9 and 10 show the relative deviations of the saturated liquid density and the 
vapor pressure between simulation data of these authore and the global 2CLIJQ and 2CLID correlations from the present. work. 

The saturated liquid densities of the other authors agree in almost all cases within the 
combined uncertainties of present, global correlation and the simulation data. Data near to
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eritical points, of course, shows larger deviations. Molecular simulations with low particle 

numbers yield slightly lower densities, thus causing systematic negative deviations, as can 

be observed, for example, for 2CLJD data from Lisal et al. [220], ef. Figure 10, top. 

Also for the vapor pressure good agreement is observed. For 2CLJD model fluids large 

uncertainties of the literature data have to be assumed if they have not been indicated 
in 

the literature, cf. Figure 10, bottom. 

The present vapor-liquid equilibrium data generally show much lower statistical uncer- 

tainties than the simulation data of other authors, especially in the case of 2CLJD model 

Auids. The present data set has furthermore the advantage that it was produced from the 

same simulation method that was used uniformly over a large parameter range. 
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Figure 9: Vapor-liquid equilibria of 2CLIQ model fluids: relative deviation of simulation 

data of other authors to 2CLJQ correlations based on simulation data from 

the present work. Top: saturated liquid density. Bottom: vapor pressure. 

Simulation data from other authors: o 1CLJ [234]; + 2CLJ with Z* = 0.22, 

* 2CLJ with Z* = 0.67 [191]; x 2CLJ with L* = 0.67 [197]; 6# 1CLJQ with 

Q = 4 [373]; m 1CLJQ with Q** = 4 [365]; @ 2CLJQ with Q*? = 3.0255 
and £* = 0.65, A 2CLJIQ with Q*? = 3.0255 and L* = 0.779, v 2CLJQ with 
Q =3.7 and L* = 0.58 [282]. Error bars show the uncertainties, if they are 
available.
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Figure 10: Vapor-liquid equilibria of 2CLJD model fluids: relative dm-'iat}ons o€ simula- 
tion data of other authors to 2CLJD correlations based on simulation data 
from the present work. Top: saturated liquid density. Bottom: Vapo'r pms-l 
sure. Simulation data from other authors: e 1CLJD with U 16 [405]'- 
m ICLJD with p** = 12 [405]; —. — 2CLJD with u*? = 6 and L* = 0.?Ülü 
[222; - — — 2CLJD with #*? = 12 and L* = 067 221 - 2CL}D W 1;21 
H* = 12 and L* = 0.3292 [221] 2CLJD with u*? = 12 and % =0 . 
[221}; + 2CLJD with j? = 9 and L* = 06 [83]; 4 2CLJD with w*? =9 31]“ 
L —1 [220]; v 2CLJD with w? = 12and L* —1 [220]. Error bars show the 
uncertamties, if they are available. 

7 

3.2.4 Thermodynamic Consistency Test 

The thermodynamic consistency of the 2CLJQ and 2CLJD simulation data was tested with the Clausius-Clapeyron equation 

Ölnp} Aht O 
T* T+ (1/p* — 1/p*) 

The left hand side of Equation (131) 
relations, wherecas the right hand side 
simulation data, the uncertainty was 

(131) 

was evaluated with the global Vvapor pressure COr- 
of Equation (131) was calculated from the present 

calculated by the error propagation law. The present
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simulation. data 18 thermod
ynamically consis 

S + 'ally consistent as the requirement 
; 

are fulfilled at almost all temperat
ures within the uncertainties of ti]s 

O? Equation (131) 

Equation (131). 
; e right hand site of
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4 Molecular Models of Classes of Real Fluids 

The global correlations of the vapor-liquid equilibria of the 2CLJQ/2CLJD model Auids 

were used for the efficient development of sets of accurate state independent. compatible 

2CLIJQ/2CLJD models of real low-molecular fluids, The values for the parameters of the 

molecular models are obtained from the adjustment of the vapor-liquid equilibria of the 

model fluids to vapor-liquid equilibrium data of real fluids. 

The class of unpolar or quadrupolar real fAuids comprises the 23 fluids listed in Table 8 

and includes noble gases, halogens, nitrogen, oxygen, carbon dioxide, and various C2- 

hydro- and -perhalocarbons. For all these fluids, molecular models of the 2CLJQ type were 

developed. Furthermore, two octupolar fluids, tetrafluoromethane and tetrachloromethane, 

as well as the hexadecapolar fluid sulfurhexafluoride were modeled with the 2CLJQ po- 

tential. For these three substances it is questionable whether the 2CLJQ potential is 

appropriate. They are therefore considered as “test cases” here. 

The class of multipolar real fluids comprises 55 fluids, which include carbon monoxide 

and many halogenated methane, ethane, ethene, and ethyne derivatives, such as the al- 

ternative refrigerants R23, R134a or R152a, ef. Tables 10 and 9. Further C,-halocarbons 

belong to this fluid class, but were not modeled here, as no reliable vapor-liquid equilib- 

rium data were available. Depending on the importance of dipolarity or quadrupolarity, 

either 2CLJD or 2CLJQ modeling was chosen for these substances. This modeling ap- 
proach and criteria for deciding between dipolar or quadrupolar modeling of multipolar 

Auids is discussed in Appendix E. Due to their importance for industrial applications, 
thermodynamic modeling of halocarbons is of particular interest. 

Apart from molecular modeling, there is ongoing research on molecular based equations 
of state. For vapor-liquid equilibria of pure refrigerants and their mixtures obtained from 
equations of state, see [117] (SAFT-VR equation of state), [430] (BACKONE equation of 
state), and the series of papers [100, 101, 274] (PHSCT equation of state with parameters 
estimated from molecular simulation or quantum chemistry) for recent work. 

All 2CLJQ/2CLJD models developed in the present work are optimized for simulations 
of vapor-liquid equilibria. Typical relative deviations of simulation results and experiment 

of the models for fluids with unpolar or quadrupolar molecules are +3% for the vapor 
;ressulre‚ i0.' 5% for t_he saturated liquid density, and +2% for the enthalpy of vaporization. 
or fiuids with multipolar molecules these relative deviations are typically +4% for the 

iipmolr.iyil;(ifi;nurp'f*hin'ä%‚-foä the Sflt"}ra_t5d liquid density, and +3% for the enthalpy of 

n ava.i]é1bk- Ütllfi\lli}:tloils S cäst1nctly lower than those observed for most molecular 
ME qt‚ra_{ * ; literature, o en by a factor of 2 —10. The present 2CLJQ/2CLJD 

E orwardly be applied to the modeling of mixtures due to the complete 
compatibility of the models among each other. 

In the following chapters, the modeling of low- f } molecular substances in literature IS 
reviewed, an outline of the procedure applied in the present work to determine the
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2CLIQ/2CLJD model parameters is given, and results of applications of the molecu- 

Jar models are presented and compared to experimental data and to results from
 models 

available in literature. 

4.1 Literature Survey 

Many of the fluids, for which new molecular models for engineering purposes are proposed 

in the present work, were previously investigated by other authors by means of molecular 

simulation on the basis of various molecular models. Tables 6 and 7 illustrates the situa- 

tion, without claiming to give a complete picture. The literature models were optimized 

for different applications, such as the deseription of phenomena in the solid state, liquid 

state, thermophysical properties and structure, second virial coefficient. in the gas phase, 

or, in some cases, for the description of vapor-liquid equilibria. 

Tables 6 and 7 do not contain molecular models of further low-molecular hydrogen- 

bonding substances like ammonia (NH3) [195, 327], or water (H,O), which is subject of 

ongoing important modeling research. For recent overviews and insights concerning water, 

cf. [24, 34, 90, 129, 175, 223, 249, 301, 299, 332, 412]. For brevity, transferable force fields, 

like for example OPLS [162, 165, 166], AMBER [56, 61, 62, 429], CHARMM [30, 245], 
NERD [294, 295, 296, 298], TraPPE [254], TraPPE-UA [47, 255, 434], TraPPE-EH [48], 

OPPE [74], AUA [28, 397, 394], or COMPASS [384, 442] are omitted in Tables 6 and 7, 
These force fields comprehend models of the hydrocarbons and of many other substances 
modeled in the present work. Further works on models of fluids with larger molecules like 

n-alkanes [91, 364], cyclic alkanes [93, 302], or benzene [93] are just mentioned here to 
illustrate the extent of molecular modeling and simulation. 

Two main approaches for developing molecular models for low-molecular substances 
can be distilled from literature, cf. Tables 6 and 7: 

(i) Al-atom multicenter modeling, typically with partial charges derived from ab-initio 
data, in some cases with internal degrees of freedom. Examples are molecular models of 
halocarbons [19, 20, 21, 44, 66, 80, 95, 99, 140, 149, 151, 159, 277, 312, 326, 347, 382], 
0r a model of carbon dioxide [143]. The importance öf electrostatic contributions in the 

m°[9°_U135i model is generally accepted today, so multicenter modeling without electrostatic 
$ns'f-lll'lhigulltll(l)ns. ef. S.Ome modc?s for tetrafluoromethane (CF4), tetrachloromethane (CC14), 
i cfl£(ä®;äflfl;londe (SFe) in Tables 6 and 7, ?s no longer state of the art. Except for 
Z partia‘1 Ch or example the model of the refrigerant R41 [382], models of .tlm al-l-'at.c.rm 

(ü) United-aige type were not (I(‘V(elopfl? for t.he description of vapor-liquid equilibria. 
S a‚;«ä 81m1}mud;il ing, P)rz—f(rral)ly with pm.nt dipoles or point quadrupoles, in 9 

n n C largm=. This model type, typically based on Lennard-Jones potential 

Müny- m(;deis -0f6;'5l 3 lower numba_er of n.mdf_al parameters and is therefore broadly used. 

A HS' t.ype are i?.\'a.llabl(t in literature for the AAuids considered in the pre- 
M6 cases optimized for the description of vapor-liquid equilibria, 2CLJ or 
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4.2 Parametrization Procedure 
59 

23CLJIQ models for nitrogen, oxygen, carbon monoxide, carbon dioxide, carbon disulfide, 

halogens, or ethane were developed, for example [18, 108, 116, 161, 286, 363]. Sets of 

Stockmayer models for calculations of vapor-liquid equilibria of carbon monoxide and 

halocarbons are available [120, 402]. 2CLJD models for the deseription of vapor-liquid 

equilibria of refrigerants were suggested [189, 221, 222]. Further 2CLJD-based models 

of refrigerants [185] were developed for the deseription of the second virial coefficient. 

Another 2CLJ-based model with partial charges was optimized for the deseription of 

vapor-liquid equilibria of R41 [370]. Dipolar and dipolar-quadrupolar Kihara models for 

the calculation of vapor-liquid equilibria of halocarbons were developed [201]. Note, that 
for carbon monoxide no 2CLJQ or 2CLJD models were published previously. 

This literature survey underlines, that Lennard-Jones type potential functions are 

broadly used to model low-molecular substances. The subsequent comparison of the 

present molecular models to models from literature reveals, that the parametrization 

method of the present work is rewarding, as it explores the inherent optimization po- 

tential of the 2CLIQ/2CLJD models more thoroughly and more efficiently than in any 

previous work on these model types. 

4.2 Parametrization Procedure 

Several data points on the vapor-liquid coexistence curves between about 0.55 76.exp p to 

about 0.95 T, were used in the model parameter fitting procedure. With the global cor- 

relations the underlying non-linear optimization equations yielding the 2CLJQ or 2CLJD 

model parameters were 

( ( E S (132) 

Z_ [(o4 (P*.L*, T7 ka/e)-e/0” Pra (D)) ] a (133) 

i 

wherein P*? symbolizes u*? or Q*? in the case of 2CLJD or 2CLIQ modeling, respectively, 

and £ counts the state points used for the optimization. Experimental critical temperatures 

T.exp in Equation (132) were taken from Reid et al. [329] for unpolar or quadrupolar fluids 
and for propylene, and from the REFPROP data base [328] or from Daubert et al. [67] 

for the remaining multipolar fluids. The experimental data pgexp (Ti) and p (Ti) in 

Equations (133) and (134) was taken from correlations of experimental data of vapor 
pressures and saturated liquid densities available in the references given in Table 37 in 

Appendix F, With respect to the statistical uncertainties of the molecular simulations 
these correlations of experimental data were assumed to be exact. 

Tables 8, 9, and 10 report the 2CLIQ and 2CLJD parameters resulting from this 
Optimization. Note that vapor-liquid equilibria of Stockmayer fluids (LCLJD) can be 
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calculated from the global 2CLJD correlations when the 
elongation L is zero and the 

Lennard-Jones energy parameter £ is divided by four. Th
e determination of the signs of 

the parameter Q, cf. Tables 8 and 9, is described in Appendix G. S
igns of Q are omitted, 

iF they can not be determined with the method deseribed 
there. In the case of the test 

AAuids. no effort was made to determine the signs of the unphy
sical parameter Q. As 

deseribed in Chapter 6.3.1, propylene was used as an example for determining
 the sign of 

Q empirically. 

For the quantification of the performance of the present molecular models, mean rela- 

tive deviations of the saturated liquid density 

n 
1/2 

öp'= ['3I Z [(p°*(P*,L*,Ti - kB/E) ja p'm(Ti)) /prexp(‚fi)] 2] , (135) 
i=1 

and mean relative deviations of the vapor pressure 

An U ; 1/2 

öpo = [; Y (1° L*, T1 ka/e) - e/0° — Pn (Ti)) /Poep(Ti)] 2] ‚u 800 
i=1 

are given in Tables 8, 9 and 10. They are calculated by the means of the global correlations 

for the saturated liquid densities and the vapor pressures of the 2CLJID and 2CLIQ model 

fluids for n = 20 temperatures T; from about 0.60 - Te..xp to about 0.95 - Ze.exp- 

For clarity, the CAS Registry Numbers of the fluids modeled in the present are given 

Table 38 in Appendix H. 

Table 8: Parameters of the 2CLJQ potential model for unpolar or quadrupolar molecules, 

Mean relative deviation between simulation data and experimental data for 

saturated liquid density and vapor pressure of the pure Auids. 

Fluid o /k WE Q ög ÖDa 
Ä K Ä DÄ V 

Neon (Ne) 28010 233.921 - 0 0.60 2.47 
Argon (Ar) 3.3952 116.79 s 0 0.89 2.13 
Krypton{Kr) 3.6274 162.58 - 0 0.87 2.06 
Xenon(Xe) 3.9011 227.55 - 0 1.39 1'72 
Methane (CH4;) 3.7281 148.55 - 0 1101 2:71 
Flmri]m- (F2) 2.8258 52.147 1.4129 +0.8920 0.30 1.92 
Cll.|(]till]? (Clz) 3.4016 160.86 1.9819 +4.2356 Ü‘ÜQ 2‘88 
Bm-mme (Br} 3.5546 236.76 21777 +4-8954 0. 02 1‘53 
Iüfill.'ll‘ (I2) 3.7200 371.47 2.6784 +5.6556 I-12 2l13 Hitrogem {N2) 33211 34807 10460 0714207 092 110 Oxygen {02) 3.1062 43.183 0.0600 —02081 096 142
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Table 8: continued. 

Fluid T E/kp L Q öp ÖD 

Ä K Ä DA K % 
Carbon dioxide (CO2) 2.9847 133.22 2.4176 —3.7938 0.20 1.49 

Carbon disulfide (CS2) 3.6140 257.68 2.6809 +3.8997 0.10 1.41 

Ethane (C2H6) 3.4896 136.99 2.3762 -—0.8277 036 241 
Ethene (C,Hı) 3.7607 76.950 1.2695 +43310 026 1.71 

Ethyne (C2H2) 3.5742 79.890 1.2998 +5.0730 055 72.29 

Perfluoroethane (C,Fe) 4.1282 110.19 27246 —84943 0.44 372 

Perfluoroethene (C,F4) 3.8611 106.32 22394 —70332 04 478 

Perchloroethene (C2Cl4) 4.6758 211.11 2.6520 —16.143 058 2.46 

Propadiene (CH2=C=CHz) 3.6367 17052 24958 +5.1637 049 698 
Test cases: 

Sulfur hexafluoride (SF6) 3.9615 118.98 2.6375 8.0066 0.22 186 

Tetrafluoromethane (CFa4) 3.8812 59.235 1.3901 5.1763 0.30 0.52 

Tetrachloromethane (CCl4) 4.8471 142.14 1.6946 14.346 0.49 1.16 

Table 9: Parameters of the 2CLIQ potential model for multipolar molecules. Mean rel- 

ative deviation between simulation data and experimental data for saturated 

liquid density and vapor pressure of the pure fluids. 

Fluid PE Q 
Ä K Ä DA % 

Carbon monoxide (CO) 3.3344 36713 11110 719008 

R113 (CFCL-CF,Cl) 4.5207 217.08 36166 12984 027 

R114 (CF2CHCF2CI) 4.3772 183.26 235018 11456 045 

R115 (CF2CHCF3) 4.1891 155.77 3.3513 9.2246 0,34 

R134 (CHF2-CHF,) 3.7848 170.46 23.0278 7.8745 0.24 

CH2Brz 3.8683 274.07 3.0946 9.2682 0.10 

CH2Br-CH;Br 4.1699 302.33 3.3359 10.903 0.47 

CF2Br-CF2Br 4.5193 21840 23.6154 12822 0.29 

CCL=CHCI 4.4120 201.03 26357 13624 0.52 

Propylene (CH2=CH-CH3) 3.8169 150.78 2.5014 5.9387 0.30 
Propyne (CH=C-CH3) 3.5460 186.43 2.8368 -—5.7548 0.45 

Öpo 
% 
191 

2.46 
3.66 
5.03 
331 

2.42 

2.61 

2.68 

4.32 

2.38 

2.06 
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Table 10: Parameters of the 2CLJD potential model for multipolar molecules. Mean 

relative deviation between simulation data and experimental data for saturated 

liquid density and vapor pressure of the pure fluids, 

Fluid G ARS e E ” Öp Öps 
Ä K Ä E 

Carbon monoxide (CO) 3.3009 36.897 1.1405 0,7378 0.38 0.29 

R11 (CFC)};) 4.0213 224.15 23.3377 2.7009 031 2.95 
R12 (CF2CL) 3.8286 185.66 3.2700 2.3219 0.51 1.62 
R13 (CF3C]) 3.6184 145.95 3.0738 1.8261 0.55 1.66 
R13B1 (CF3Br) 36817 170.32 3.3573 2.0478 0.65 0.14 
R22 (CHF;CI) 3.4682 17743 3.1203 2.2667 054 2.99 
R23 (CHF;) 3.2643 123.56 25670 2.1607 0.55 6.13 
R32 (CH2F2) 3.8971 155.97 - 2.4745 0.72 6.43 
R41 (CHz3F) 3.0382 137.64 2.4530 1.8850 0.17 1.46 
R123 (CHCL-CF3) 4.0530 221.75 4.0530 3.7002 0.76 4.24 
R124 (CHFCHCFs) 3.8852 192.25 3.8852 3.2190 0.77 5.42 
R125 (CF3-CHF2) 3.6861 162.77 3.6861 2.8245 083 6.31 
R134a (CF3-CH2F) 3.6138 175.12 23.6138 3.0214 0.73 6.45 
R141b (CFCL—CH;) 4.0209 231.43 3.6015 3.1484 0.36 2.98 
R142b (CF2CI-CH3) 3.8404 19368 3.4675 2.9610 068 3.17 
R143a (CF3-CH3) 3.5960 165.04 3.5395 2.7470 051 1.48 
R152a (CHF,—CH3) 3.5168 18201 23.3125 2.7354 032 3.48 
R161 (CH2F-CH3) 3.3968 176.84 3.1006 2.4110 1.61 0.35 
CH3;CI 3.3409 186.57 2.5725 2.0217 0.22 1.09 
CH3Br 3.4557 213.81 2.6146 1.8536 0.15 2.54 
CHz3I 3.6367 232.86 2.7083 2.4983 0.14 1.11 
CH2C1 4.5106 269.44 — 3.3733 0.30 7.84 
CH.2Br, 4.7376 351.03 - 3.7104 0.26 10.7 
CHals 5.0481 387.14 — 4.8971 0.29 1.44 CH2CIBr 3.5838 27449 23.5662 3.1998 1.13 047 CHClz 3.8153 265.290 3.7798 3.3920 0.29 1.31 
CHBry3 40575 357.41 23.0423 3,5204 0.35 0.98 CHFCL 3.6522 220.69 23.4396 2.7852 0.76 0.66 
CF2Bra 41317 198.08 2.7356 25137 047 669 CF2CIBr 3.8560 212.23 23.5957 2.6786 0.65 017 CClBr 41366 305.34 3.9869 3.6313 1.03 0.26 
CHC1-CH3 3.8579 255.24 23.8135 23.5236 0.69 .0.86 CHCL-CH,CI 4.0768 286.36 4.0095 4.2974 0.18 5.26 CCL—CHz 12224 253.75 3.4898 3.5019 011 3.69 CCl-CH.CI 4.3282 202.86 14.1261 4.7919 052 282 CH,Br-CH3 3.6769 255.75 3.6769 2.9425 0.72 1.42 gg%3;‚{;gupa 40234 341.290 40234 2.2097 031 622 CHClBP(€'F 4.1262 259.97 3.8469 4.3049 0.14 0.42 DA C[3 4.6727 151.78 2.0700 3.7380 0.37 0.11 3-CF2 43651 258,25 4.2542 4.7132 0.33 0.33
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Table 10: continued, 

Fluid g e/kg L Tr E 

Ä K Ä DV E 
CHF=CH2 03.3552 155.74 2.7513° 16565037 ' 155 

CF2=CH, 3.7848 71.963 1.4863 2.3643 0.49 0.41 

CHCI-CH2 3.6875 181.16 2.5049 2.1078 0.19. 1.46 

CHCI=CF2 3.6501 193.24 3.4497 2.7449 0.61 0.42 
CFCI<CF2 3.7438 181.71 3.5521 28408 0.03 2.27 

CFBr=CF2 3.8290 218.12 3.5874 25273 0.68 0.18 

4.3 Results for Thermodynamic Properties 

The new 2CLIJQ/2CLJD models were validated by applying them for molecular simula- 

tions of vapor-liquid equilibria with the NpT+Test Particle Method, cf. Chapter 2.5.1. 

For 2CLJD fAuids, at the Jowest temperatures the configurational part of the chemical po- 
tential needed for the NpT+Test Particle Method was obtained from the gradual insertion 

method of about 15000 Monte Carlo loops, otherwise the configurational part of the chem- 

ical potential was obtained from the test particle insertion method, cf. Chapter 2.4. Fur- 

ther technical details of the simulations were identical with those given in Appendices C.1 

and C.2. 

The vapor-liquid equilibrium data obtained from these simulations are compared in 
the following to experimental data of the modeled fluids. Furthermore, molecular models 

of other authors are compared to the present molecular models. For that purpose, the 
empirical correlations of the vapor pressure and the saturated densities developed in the 

present work were applied for 2CLJQ/2CL.JD models from literature, or published vapor- 

liquid equilibrium data are used for more complex models, It was not in the scope of the 

present work to perform simulations with more complex molecular models for the purpose 
of comparison. 

In order to demonstrate the performance of the new molecular models to predict 

thermophysical properties in homogeneous Aluids states, molecular simulations of various 

homogencous fluid state points were performed in the NpT' ensemble. Technical details 

of these simulations without calculation of the chemical potential were identical to those 

given in Appendices C.1 and C.2. 
Data from the present work shown in Figures 11 to 29 is available in [378]. 

4.3.1 _ Unpolar or Quadrupolar Fluids 

Figures 11 to 14 and Figures 15 to 18 show saturated densities and va
por })ressures frorf1 

the present molecular models of unpolar or quadrupolar fluids in comparison to experl-
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mental data and to data from models from other authors. Many
 of those models from the 

literature are of the 2CLJ type - also the OPLS model of ethane [164]
. The parameters of 

those 2CLJ models and the mean relative deviations of the saturated liquid 
density and 

the vapor pressure, cf. Equations (135) and (136), are listed in Table 11. Vapor-liquid 

equilibrium data of more complex models of ethane (TraPPE-E
H force field [48]), carbon 

dioxide (two-center plus point charges model [143]), carbon disulfide (m
ulticenter model 

[194]). chlorine (anisotropic interaction potential [219]), sulfur hexafluoride (mul
ticenter 

mode!l [238}), tetrafßuoromethane (multicenter models [238, 326]), and tetrachloromethane
 

(multicenter models [108, 238]) was taken from literature and is shown in Figures 13, 14, 

15, 17, and 18. The models from |18, 48, 108, 116, 143, 238, 282, 326] were optimized for 

the description of vapor-liquid equilibria. 

Table 11: Parameters of 2CLJ and 2CLJQ models of quadrupolar fluids from literature, 

Mean relative deviation between model data and experimental data for satu- 

rated liquid density and vapor pressure. 

Fluid Ref. Model o E/ka L Q 5g Öps 
K Ä DA % 

F2 [363] 2CLJ 2825 528 1.4266 0 0.70 1.49 
F2 1108] 2CLIJ 2.8317 253.472 1.4300 0 0.66 7.61 
Cl [363] 2CLJ 3.332 178.3 2.0992 0 118 197 
Cl j286] 2CLJQ 3374 1643 201 3.60 087 966 

Bra [18] 2CLJ 3.2843 345.47 3.2186 0 7.290 822 
Nz {116] 2CLJ 3310 373 10890 0 1.94 141 
N j284) 2CEJQ (Xi) 8318 364 109 0 115 531 
Nz [108] 2CLJ 3.3078 36.673 1.0890 Q 083 5.28 
O2 [18] 2CLJ 3.2104 38.003 0.7063 0 145 235 
CO2 1[282] 2CLIQ 30354 125317 21217 36727 0.75 421 

CO [108] 2CLJ 2.9376 161.83 2.3295 0 6.25 244 
CS2 [18] 2CLJ 3.7509 232.26 22130 0 3.07 151 
CoHs 118] 2CLI 3.5120 139.81 2.3530 0 2.06 16.0 
CaHs ([164] 2CLJ(OPLS) 3.775 10422 153 0 467 205 
C4 118) _2CLJ 3.3268 137.73 2.4618 0 2.80 18.7 

i For _almost all fl1}id$‚ the relative deviations of the saturated liquid densities from 

äm{ulat;ons to experimental data |öp’| = |(Pf;;‚„ = p’e‚il‚)/p;‚(p)| obtained from 
the present 

E l_nodels Za Clearly below 1 %. This can also be seen from the values of the 
äj(e)n(l{ {fefla?m de;*mt:ons öf' given in Table 8. For temperatures around 0.7 - 7; the rela- 

(for e;éa2;;:ensetcl}lat.äm ;apoT pressure.s BB K'P„ — Doexp)/Poexpe)| 
are about +3% or less 

z e, Huorine, chlorine, _bromme‚ iodine). For temperatures above about 
c an ow about 0.65 - T, relative deviations of the vapor pressures 1ncrease o
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Figure 11: Comparison of experimental data of saturated densities to different models: 

— experiment (cf. Table 37), — — — global correlation, ef. Chapter 3.2.2.2. 

® Simulation results from present models; error bars are, if not. indicated, 

within symbol size. Results from models from the literature (cf. Table 11), 

top: D F, [363], a F2 [108], bottom: © Br [18].
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Figure 12: Comparison of experimental data of saturated densities to different models: 
—— experiment (cf, Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 
* Simulation results from present models; error bars are, if not indicated, 
within symbol size. Bottom: O results from a model of C,H4 from the litera- 
ture [18] (ef. Table 11).
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Comparison of experimental data of saturated densities to different models: 

— experiment (ef. Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 

® Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (cf. Table 11), 

top: © O2 [18] ON []_16]. A N [284], v N? [].[38]. bottom: © C
S2 [18] o CS 

[194], v SF4 [238], ı CFa [238], A CFa [326]; error bars are indicated, if data 

is given in the literature. 
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Figure 14: Comparison of experimental data of saturated densities to different models: 

—. experiment (Cf Table 37) —— gl()ba_[ correlation, c£. Cha_pt.(-!l' 3222 

O'Sn.nula.tion results from present models; error bars are, if not indicated, 
within symbol size. Results from models from the literature (cf. Table 11), 
top: 0CO; [282], 4 CO, [108], 7 CO; [143], o C,Hg [48], + C2H6 [18), 
5 CzHo [164), bottom: +CC1, [108], - CCL [238], ı Cl [363], A Clı [286). 
> Cl2 [219]; error bars are indicated, if data is given in the literature.
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about +5%. This is due to the increasing influence of critical effects and to the relatively 
uncertain calculation of the configurational part of the chemical potential in dense phases 
by the test particle insertion method. For most of the models from the literature much 

larger deviations are observed. 

Figures 11 and 16 show, that the 2CLJ model of fluorine from [363], whose size, energy, 
and elongation parameters are very similar to those of the present 2CLJQ model of fluorine, 
yields very good description of the saturated densities and the vapor pressure. However, 
a direct comparison of the mean relative deviations 5g and öp, (cf. Tables 8 and 11) 
of both models reveals, that the present 2CLJQ model of fluorine describes saturated 
liquid densities with higher accuracy, whereas similar description of the vapor pressure is 
obtained from both models. For the fluids fuorine, chlorine, bromine, nitrogen, Oxygen, 
carbon dioxide, carbon disulfide, ethane, and ethene, Figures 11 to 18 and the values of 
$g and $p, in Tables 8 and 11 clearly underline the advantages of the present 2CLIQ 
models over the models from literature in deseribing vapor-liquid equilibria. Also for the 
test case fluids a better deseription of vapor-Lliquid equilibria is obtained. 

20 25 3,0 3,5 4.0 45 
1000K/T7 

Figure 15:; Comparison of experimental data of vapor pressures to different models: 

— experiment  (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 
® Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (cf. Table 11): 

O Bra [18], o Cl2 [363], A Cl, [286], © Cl, [219], v SFe [238]; error bars are 
indicated, if data is given in the literature.
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Figure 16: Comparison of experimental data. of vapor pressures to different models: 

—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 
* Simulation results from_present models; error bars are, if not indicated, 
within symbol size. Results from models from the literature (cf. Table 11), 
top: O F2 [363], a F, [108], bottom: n C,H; [18].
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Figure 17: Comparison of experimental data of vapor pressures to different mod
els: 

— experiment (ef. Table 37), — — — global correlation, cf. Chapter SE 

® Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (cf. Table 11), 

bottom: — CF4 [238], a CF4 [326]; error bars are indicated, jf dat
a is given 

in the literature.
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Figure 18: Comparison of experimental data of vapor pressures to different models: 

—— experiment (cf. Table 37), — — — global correlation, ef. Chapter 3.2.2.2. 
* Simulation results from present models; error bars are, if not indicated, 
within symbol size. Results from models from the literature (cf. Table H} 
top: O Nz [116], A N» [284], v N2 [108], © O2 [18], o C2Hg (48]. + C2H6 [18): 
9 C2H6 [164], bottom: ı CO, [282], A CO, [108], v CO- [143], © CS2 [18), 
© CS, [194], + CCL [108], v CC1 [238]; error bars are indicated, if data S 
given in the literature.



4.3 Results for Thermodynamic Properties 73 

As can be expected from the thermodynamic consistency, most of the present molecular 
models predict enthalpies of vaporization also very well, ef. Figures 19 and 20, Typically, 
they have relative deviations |öAh,| = |(Ahysim — NS /Ah„‚.‚„„)| below 3 %, in many 
cases even below 1 % (for example ethane, perfluoroethane, perfluoroethene, iodine, or 
oxygen). 
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3 1Ne 
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0 7 7 } 
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Figure 19: Comparison of experimental data of enthalpies of vaporization to _ present 
models: — experiment (cf. Table 37), @ simulation results from present 

models, Error bars of simulation results are, if not indicated, within symbol 

size,
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Deviations increase for state points close to the critical point, as the critical temperature 

given by the molecular models is in most cases slightly higher than the experimental 

yalue, For carbon disulüide and tetrachloromethane experimental data for the enthalpies 

of vaporization are only available in a small temperature range. 
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4 20 Cun;z;zn:on of experimental data of enthalpies of vaporization to present 

n A : 
S experiment (cf. Table 37), ® simulation results from present 

SIZE. 

n.|odc-.is. Error bars of simulation results are, if not indicated, within symbol
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In Table 12 experimental data of the critical temperature T7., critical pressure p,, crit- 

ical density p,., and eritical compressibility 

(137) 

as well as the acentric factor 

OT E 
w = —l0g;9 [ 

C 

are compared to data of the present 2CLJQ models using the global correlations for the 

2CLJQ model Auids. Typical relative deviations between the critical data obtained from 

the molecular models and experimental values are about 4 % for p., and 12 % for p.. It 

can be seen from Table 12 that the reduced properties Z. and w for the 1CLJ models are 

all equal and generally agree fairly well with the experimental data. 

Table 12: Critical properties and acentric factors from the present models of unpolar or 

quadrupolar fluids, cf. Table 8, in comparison to experimental data [329], or 

[359] + 

Fluid T De Pe Z w 
K MPa_ mol/l 

Ne exp. 44.4 2,76 24.04 0.311 —0.029 

mod. 44.4 2.69 23.72 0.306 -—0.032 

Ar exp. 1508 487 13.35 0,291 0.001 

möd. 1530 521 13.32 0.306 -—0.032 

Kr exp. 2094 5.50 10.96 0.288 D.005 

mod. 213.0 5.94 10.922 0.306 -—0.032 

Xe exp. 289.7 584 8.45 0.287 0.008 

mod. 298.1 6.69 8.78 0.306 —0.032 

CH1 &. 190.4 4.60 10.08 0,288 0.011 

mod. 1946 5.00 10.06 0.306 -—0.032 

F exp. 1443 5.22 15.08 0.288 0.054 

mod. 145.2 5.44 15.05 0.,300 0.050 

Clz eXp- 416.9 7.98 8.08 0.285 0.090 

mod. 4186 8.39 8.10 0.297 0.100 

Br exp. 588 10.3 7.86 0.268 0.108 

ınod. 587 10.0 6.86 0.298 0.086 

I exp: 819 11.737 645 ma n.a. 

mod. 820 112 5.44 0.300 0.087 

N2 exp. '‘ 1262 3:39 11.14 0.290 0.039 

mod. 1267 3.46 13 0295 0.034 
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Table 12: continued. 

Fluid H Pe Pe Ze w 

K MPa_ mol/l 
O2 exp. 1546 5.04 13.62 0.288 0.025 

mod. 1554 5.18 13:58 0.295 0.018 

CO2 exp. 3041 738 1065 0274 0.239 
mod. 305.6 7.49 10.55 0279 0.232 

CS2 exp. 6552 7.90 6.25 0.276 0.109 

mod. 556 8.13 5.83 0.302 0.083 

CaHg exp. 3054 1488 6.74 0.285 0.099 
möd. 3102 527 6.74 0.303 0.065 

CaH4 exp. 2824 5.04 7.67 0.280 0.089 

mod. 284.0 5.29 7.62 0.294 0.091 

CaHz exp. 308.3 6.14 8,87 0.270 0.190 

mod.. 311.4 6.67 8.88 0.290 0.186 

C2Fe exp. 2930 3.06 4.50 0.279 n.a. 

mod. 2960 3.15 441 0,290 0.227 

CaF4 exp. 306.5 3.94 5.81 0.267 0.223 

mod. 30905 436 5.75 0.295 0.210 

C2Clay €xp. 620.2 4:76 3.45 0.250 n.a. 

mod. 626.2 5.02 327 0.294 0.212 

Propadiene exp. 393 5.47 617 0271 0.313 

mod. 399 5.94 608 0.295 0.121 

Test cases: 

SFe €xp. 318.7 376 5.03 0,282 0.286 

mod, 318,7 3:82 497 0.2900 0.231 

CFa €xp. 227.6. .3.74 7.16 0.276 0.177 

mod. 2289 23.85 6.94 0.291 0.169 

CCLh exp. 5564 1456 3.62 0.272 0.193 

mod. 5636 491 3.61 0.290 0.179 

_Apa.rt. from simulations of vapor-liquid equilibria, the molecular models were used at 
yarious homogeneous fluid state points. In Table 13 results of these simulations for the 
Auids perfluoroethane, ethene, nitrogen, and OXygen are compared to experimental data 
of density p and residual enthalpy defined as 

HT, p) = MT, p) — W(T). (139) 
Al5*_) data points far from the vapor-liquid equilibrium region are included in this com- 
lpanson. In most cases densities from the simulation agree very well with the exper- 
imental data. Residual enthalpies are also reasonably predicted. Relative deviations 

1öh""| = |(hi% — hi=)/hfS)| are typically about 3%.
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Table 13: Results from NpT' simulations with present 2CLIQ models of quadrupolar 
Auids, cf. Table 8, at various homogeneous fluid state points and comparison 

to experimental data _ |328]. Numbers in parenthesis are uncertainties of the 

Jast digits. 

__ K _ _MPa mol/l J/mol 
CFa 222 0.1 exp. 0.056 -214 

sim. 0.057 (1) -205 (3) 

222 7 exp. 11.046 -14849 

sim. 11.008(3) -14787 (8) 
222 20 exp. 11.489 -14339 

sim. 11.487 (5) -14303 (8) 

423 2,845 exp. 0.882 -1215 
sim. 00876 (2) -1196 (®8) 

423 7.393 exp. 2.52 -3316 
sim. 2.520 (5) -3169 (11) 

423 49551 exp. 85 -6653 
sim. 8.543 (5) -6339 (9) 

CoHs 213 0.3 exp. _ 0.178 -260 
sim. 0.177(1) -220 (10) 

213 10 exp. 18.410 -11978 
sim. 18.385 (8) -12151 (58) 

213 20 exp. 18.914 -11748 

sim. 18.889 (7) -11942 (5) 

450 5,311 exp. 1.524 -1136 

sim. 1.511(2) -1010 (6) 

450 13,95 exp. 4354 -2908 
sim. 4.260(7) -2642 (9) 

450 171.51 exp. 176 -2651 
sim. 17:379(5) 2410 (6) 

N 95 0.2 exp. 0.266 -103 
sim. 0.2647 (9) -96 (2) 

95 T exp. 26.60 -5045 
sim. 26.64 (1) 6055 (3) 

95 20 exp. 27.99 -4816 
sim, 27.99 (1) 4827 @ 

280 5.198 exp. 2.260 -355 

sim. 2.255 @ 368 @ 

280 14.930 exp. 6,360 882 
sim. 6317 ©) DA 

280 114.92 exp. 22.26 -138 
sim. 2208 (1) _-109 @®) 
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Table 13: continued. 

Fluid T P P E 
K MPa mol/1 J/mol 

CO, 20 12 &p. 0618 —749 
sim. 0612 (3) -648 (8) 

260 10 exp. 23.52 -13558 

sim. 23.30 (2) -13809 (13) 
260 20 exp. 2431 -13544 

sim. 24.04 (2) -13809 (11) 
550 99.98 exp. 16.08 -4623 

sim. 15.44 (1) -4464 (11) 
600 103 exp: 2110 -954 

sim. 2.088 (4) -887 (10) 

600 29.74 exp. 6.029 -2420 

sim. 5.846 (6) -2221 (9) 

Figures 11 to 20 as well as Tables 12 and 13 demonstrate, that the present 2CLJQ 
models allow accurate simulation of vapor-liquid equilibria of the pure fluids with sym- 
metric unpolar or quadrupolar molecules modeled here and that these molecular models 
have good predietive power (ef. Table 13) for thermophysical properties in homogeneous 
Auid states far away from the vapor-liquid equilibrium states. Similar results were found 
recently for the prediction of thermophysical properties of supercritical carbon dioxide 
[59] by the means of a 2CLIQ model of carbon dioxide available in literature [282]. 

Figure 21 shows a comparison of results for the second virial coefficient B of carbon 
dioxide obtained from the present 2CLJQ model and from a model based on ab initio 
calculations on MP2 level of theory [13] to experiment. The ab initio model [13] is in 
very good agreement with experimental data. Also the present 2CLJQ model of carbon 
dioxide, which was obtained from thermodynamic data alone, compares favorably to the 

experiments. This encouraging finding is an important, hint that in future work results 
from quantum mechanical calculations may conveniently be used for the parametrization 

f of effective molecular models, that quantitatively describe macroscopic thermodynamics. 

4.3.2 Multipolar Fluids 

ö For 4 ropresentative sample of multipolar fluids, Figures 22 and 23 Compare the saturated 
densn:us and Figures 24 to 26 the vapor pressures from the present molecular models to 
f;‘mff‘:_‘;talt‘li]at]!; and to data from molecular models from other authors. Many of the 

those modl?s a.nii J;mm E 2-CLJ? 2.C [:JD and Stockmayer models. 
The parameters of 

S 1 mean relative deviations of the saturated liquid density and the vapor 
pressure, cf. Equations (135) and (136), are given in Table 14. This comparison compri- 
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Figure 21: Second virial coefficient of carbon dioxide. + Experiment, data taken from 

[13], ® present 2CLJQ model, ı model based on ab initio calculations [13]. 

ses also vapor-liquid equilibrium data from a 2CLJD-like model of R23 [370], which is 

composed of two Lennard-Jones centers plus two point charges. Except for one 2CLJD 

model of R152a [407], which has been developed for the investigation of the second virial 
coefficient, all models from the literature shown in Figures 22 to 26 were parametrized for 

the calculation of vapor-liquid equilibria. 

For almost all multipolar fAuids shown in this comparison, the relative deviations of the 

saturated liquid densities from simulation to experimental data |öp'| = |(P’mn S p’emp)/ P‘acp)l 

obtained from the present molecular models are clearly below 1%. This can also be 
seen from the values of the mean relative deviations Ö? given in Tables 9 and 10. For 

temperatures around 0.7-T, the relative deviations of the vapor pressures from simulation 

to experiment  [öpy| = |(Po.sim — Deexp)/Do.exp)| are typically less than 4%. As illustrated in 

Figures 24 to 26, somewhat higher relative deviations of the vapor pressure are observed 

for some fluids, for example R23 or R32, for temperatures below about 0.65 - 7.. The use 
of both dipolar and quadrupolar models might improve the deseription of vapor pressures 

at low temperatures, However, the mean relative deviations of the vapor pressure D, are 
still generally below 3%, in some cases even below 1%. This shows that for many fluids 
the 2CLJD and 2CLJIQ modeling yields an excellent deseription of the saturated liquid 

densities and the vapor pressures. 

Figures 22 and 23 and Table 14 show, that the models from the literature describe 

the saturated densities with fair, but in some cases (cf. Stockmayer models of R23, R32,
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R125, R142b [120]) with excellent accuracy. Nevertheless, in almost all cases, the models 
from the present. work yield better — often distinetly better — results, As demonstrated 

in Figures 24 to 26, the main advantage of the models from the present work over the 
models from other authors is their significantly better performance in the description of 

the vapor pressure. The mean relative deviation of the vapor pressure from the present 

molecular models is often an order of magnitude lower than that of the models from the 

other authors. 

Table 14: Parameters of 1CLJD, 2CLJ, and 2CLJD models of multipolar fAuids from 

literature. Mean relative deviation between model data and experimental data 

for saturated liquid density and vapor pressure. 

Fluid Refs. Model &@ e/kg 5 . öp. öpe 
Ä K Ä DE % 

CO {402] 1CLJD 3.623 101.2 — 02117 164 226 
Co [18] 2CLJ 23.2717 42282 1.2760 0 1.30 6.48 
R22 [189] 2CLJD 3.483 15573 28247 26320 2.84 9.44 
R23 [120] 1CLJD 4.034 1462 —- 22884 077 941 
R23 [402] 1CLJD 4.007 199.6 — 16205 1.04 81.4 
R32 [120] 1CLJD 3.900 163.1 — 24248 0.59 8.17 
R32 [402] 1CLJD 3.881 2130 —. 1.9601 0.63 65.3 
R125 [120] 1CLJD 4.727 166.7 — 3.0855 0.67 13.2 
R]34a [222] Z2CLJD 3.819 1404 2.5587 2.7491 1.11 41.6 
R142b [120] 1CLJD 4.848 2162 — 3.3675 059 9.49 

Rl42b [222] 2CLJD 3.996 1539 2.6773 3.0807 1.02 14.3 
Rl43a [120) 1CLJD 14.559 169.2 — 2,9607 204 8.62 
R1l43a [402] 1CLJD 14.535 221.2 — 2.2801 2.64 668.4 
R143a [222] 2CLJD 3.793 1298 2.5413 2,6164 1.33 26.6 
R]52a [189] 2CLJD 3.661 131.29 2.5190 3.1397 1.11 3.94 
Rı52a {222] 2CLJD 3678 1450 24643 2.6405 1.03 31.8 
R152a _ [|407] _ 2CLJD 3.845 1190 _ 1.9417 2.7334 1.87 19.6 

Satisfactory results for the important refrigerant R32 can only be expected from more 
elaborate modeling than the simplistic 1CLJD approach chosen here. Such more complex 
molecular models of R32 are available in literature [149, 326], which, however, lack in 

accuracy in the deseription of vapor-liquid equilibria. Data from these models are therefore 
not shown here. The same is true for a molecular model of R23 also available in [326]. 

“i" the refrigerants modeled in the present. work, Figures 27 to 29 compare the en- 

thalpies of vaporization from the present. molecular models to experimental data. As ex- 
pected, most of the molecular models prediet the enthalpies of vaporization very well. Typ- 
ically, the. relative deviations |AR,| = |(Ahysim — Alyexp)/Ahyexp)| of the enthalpies of 
vaporization are below 3%, in some cases even below 1% (for example CO, R142b, R152a). 
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Figure 22: Comparison of experimental data of saturated densities to different models: 

—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 
® Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (cf. Table 14).. 

top: v R143a [402], © R143a [120], A R143a [222], 0 R22 [189]. bottor-n'. [m} R2;3 

[402], a R23 [120], © R142b [120], v R142b [222]; error bars are indicated, if 

data is given in the literature. 
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Figure 23: Comparison of experimental data of saturated densities to different models: 

—— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 

® Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (ef. Table 14), 
top: D R125 [120], A R134a [222], bottom: + CO [18]. ı CO [402], ı R32 
[402], A R32 [120], - R152a [407], & R152a [222], o R152a ]189].
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Figure 24: Comparison of experimental data of vapor pressures to different models: 

— experiment (cf. Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 

® Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (cf. Table 14), 

top: 0R125 [120], v Rı52a [407], ©& R152a [222], © R152a [189], bottom’ 

A R134a [222], v R142b [222], $ R142b [120]. 
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Figure 25: Comparison of experimental data of vapor pressures to different models: 

—— experiment (cf. Table 37), — — — global correlation, ef. Chapter 3.2.2.2. 
e Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (cf. Table 14); 
top: O R23 [402], © R23 [120], v R143a [402], © R143a [120], A R143a [222], 
bottom: D R22 [189], v R32 [402], A R32 [120]; error bars are indicated, f 
data is given in the literature.
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Figure 26: Comparison of experimental data of vapor pressures to different models: 

—— experiment (ef. Table 37), — — — global correlation, cf. Chapter 3.2.2.2. 

® Simulation results from present models; error bars are, if not indicated, 

within symbol size. Results from models from the literature (ef. Table 14): 

+ CO [18], o CO [402]. 

30 4 R113 
Ahy / kJ mol”! R114 

251 Propyne 
RI115 

20 Propylen 

15 4R13 

10 4 

5 4 

Ol 400 500 200 300 TE 

Figure 27: Comparison of experimental data of enthalpies of vaporization to present 

models: — experiment (cf. Table 37), ®# simulation results from present 

models. Error bars of simulation results are, if not indicated, within symbol 

size. 
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Figure 28: Comparison of experimental data of enthalpies of vaporization to present 

models: —— experiment, (cf. Table 37), ® simulation results from present 
models, Error bars of simulation results are, if not indicated, within symbol 

size. 

In Table 15, exemplarily, experimental data for the critical temperature T7., the critical 
pressure p,., the critical density p., and the critical compressibility Z., ef. Equation (137), 
are compared to the results from the present, molecular models using results of global corre- 
lations. Typical relative deviations between the critical data obtained from the molecular 
models and experimental data are about 3% for Pe, and 1-2% for p.. Larger relative devi- 
ations for the eritical pressure p, occur for fluids that were modeled with the Stockmayer 
potential, for example R32, or those that are not well described with the 2CLJD/2CLJQ 
models, for example R23. The 2CLJD models from the present work describe the critical
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Figure 29: Comparison of experimental data of enthalpies of vaporization to present 

models: —— experiment (cf. Table 37), &* simulation results from present, 

models, Error bars of simulation results are, if not indicated, within symbol 

size. 

temperature 7, with excellent accuracy, for example R22, R142b, R23, and R32. In the 

case of the 2CLJQ models, the relative deviations between the critical temperature from 

the model and the experimental data are typically about 1%. The remaining multipolar 

Auids modeled in the present work but not listed in Table 15 describe the critical data 

with similar quality, ef. [378]. 
The present molecular models were tested furthermore at. various homogeneous fluid 

state points. In Table 16 typical results of these simulations are compared to experimental 

data of density p and residual enthalpy h'(T,p), cf. Equation (139). Also data points 

far from the vapor-liquid equilibrium region are included in the comparison. In most 

cases densities from the simulation agree very well with the experimental data. Residual 

enthalpies are also well predicted. 

Figures 22 to 29 as well as Tables 15 and 16 demonstrate, that the present molecular 

models allow accurate simulations of vapor-liquid equilibria of pure fluids with multipolar 

molecules and that these molecular models have good predictive power also for thermo- 

Physical properties in homogeneous fluid states. 
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Table 15: Critical properties from the present models of multipolar fAuids, cf. Tables 9 

and 10, in comparison to experimental data [328]. 

Fluid D DA PE e 
K MPa mol/l 

2CLJQ models, cf. Table 9: 

Propyhe exp. 4024 5.63 6.10 0.275 

mod. 407.6 5.96 6.18 0.285 

Propylene exp. 364.9 14.60 5.52 0.274 

mod,. 368.1 14.90 5.43 0.295 

2CLJD models, cf. Table 10: 

CO exp. 1328 3.49 10.85 0.292 

mod. 1328 3.41 10.96 0.282 

R22 exp. 369,3 14.99 6.06 0.268 

mod. 369.3 4.87 5.95 0.267 

R23 exp. 299.1 1484 7.50 0.259 

mod. 299.1 1431 7.45 0.232 

R32 exp. 351.3 5.78 8.15 0.243 

mod, 351.3 4.98 8.09 0.211 

R113 exp. 487.2 3.39 2.99 0.280 

mod. 492.1 3.50 3.03 0.282 

R114 exp. 418:8 3.26 3.39 0.276 

mod. 421.4 3.30 3.36 0.281 

R115 exp. 3931 322 3,97 0.268 

mod.. 3549 317 3.82 0.281 

R125 exp. 339.2 362 4.78 0.269 

mod. 3404 3.60 4.72. 0.270 

R134a e€xp. 374.2 406 5.02 0.260 

mod. 375.3 4.02 4.98 0.259 

R142b exp. 410.3 4.07 4.44 0.269 

mod. 410.3 23,85 4.36 0.259 

R143a exp.: 345.9 376 5.13. 0.255 

mod. 3478 3.88 5.11 0.263 

R152a exp. 3864 14.52 5.57 0.252 
mod. 388.3 455 5.56 0.254 
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Table 16: Results from NpT simulations with the present 2CLJD models of multipolar 
Auids, cf, Table 10, at various homogeneous fluid state points and comparison 

to experimental data [328]. Numbers in parenthesis are uncertainties of the 
last. digits. 

Fluid D B P kr 
K MPa mol/1 J/mol 

Co 99 0.1 €exp. 01242 -52 

sim. 0.12464 (0) -57.4 (13) 

99 10 exp. 26.616 -5404 

sim. 26.571 (11) 5382 (2) 

99 60 exp. 29.990 -4331 

sim. 30.049 (6) -4338 (2) 

400 1 exp. 0.2999 -35 

sim. 0.30006 (0) -37.5 (16) 
400 10 exp. 2.9020 -294 

sim. 2,8962 (14) -269.2 (20) 

400 60 exp. 12.844 -361 

S: 12.678 _ (6). - 209 (4) 
R13 226 0.1 exp. 0.0544 -144 

(CF3Cl) sim. 0.05502 (0) -168.4 (51) 

226 10 exp. 13.677 -14152 

sim. 13.636 (6) -14094 (7) 
226 30 exp. 14387 -13457 

sim. 14.375 (6) -13427 (7) 
403 1 exp. 0.3086 -405 

sim. 0.3098 (4) -436.6 (40) 

403 10 exp. 141312 -4606 

sim. 4.092 (10) -4549 (15) 

403 30 — exp. 9.1263 -7636 
sim: .9.034' (11) 7637 (13) 

R41 238 0.1. exp. 0.0516 -154 

(CH3F) sn 0.05210 .(0) . 1592 (51) 

238 10 exp... 23.587 -15180 

sim., 23.426 (11) -15951 (8) 

238 50 €exp. 25.370 -14436 

sim. 24975 (8) -15248 (7) 

490 1 _ exp. 0,2488 -256 
sim; 02498 (18) -262.3 (31) 

490 10 exp. 2.8018 -2513 

an 207505 (80) - 121200 (8) 

490 50 exp. 13:381 -7281 
sim.. 12521 (14)_ 6738 (12) 
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Table 16: continued. 

Fluid B p k® 
K MPa mol/1 J/mol 

Rı43a 258 0.1 exp. 0.0480 233 

(CH3-CFs) sim. 0.04856 (0) -272.6 (55) 

28 10 exp. 13.199 -17657 

sim. 13.199 (7) -18094 (10) 

258 60 exp. 14471 -15740 

sim. 14565 (5) -16294 (8) 

610 1 exp. 0.1990 -286 

sim. 0.20030 (0) -352.4 (60) 

610 10 exp. 2,1060 -2694 

sim. 2.0977 (29) -2666 (11) 

610 60 exp. 8.4521 -6108 

sim. 8.1768 (64) -6098 (13) 

R152a 289 0.1 exp. 0.0426 -211 

(CH3-CHF;) sim,  0.04313 (0) -243,5 (71) 

289 10 exp. 14.370 -19994 

sim. 14269 (7) -20018 (8) 

289 50 exp. 15.463 -18689 

sim, 15.380 (5) -18757 (9) 

495 1 - exp: 02513 -549 
sim. 0.2535 (4) -605,5 (64) 

495 10 exp. 3.5545 -6109 

sim,. 3.534 (11) -5968 (23) 

495 50 exp. 10.843 -11673 

m.. 3061 _ (9) -11511 (165) 

4.4 Discussion of the Model Parameters 

The parameters of the 2CLJQ/2CLJD models developed in the present work were ad- 

Justed to vapor-liquid equilibrium data only. No direct information on polar momenta or 
molecular geometry was included. It is therefore interesting to compare the results for 

Yhe parameters Q, j and L to experimental data of quadrupole and dipole momenta and 
atom-atom distances, It is ovious that no exact matches can be expected from such a com- 

parison, For example real polar momenta of molecules are state dependent, whercas in the 
present work effective state independent, polar momenta are used, which were determined 
from vapor-liquid equilibrium data and, hence, reflect mainly 

Table 17 shows that for the diatomic Auids fluorine, chlo£ine‚ bromine, iodine, oxygen, 
and nitrogen and for carbon dioxide, carbon disulfide, ethyne, and propadiene the param- 

liquid phase properties.
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Table 17: Comparison of the model parameter Q to experimental data for the quadrupole 

momentum Q.xp. For C2H4 values of (Q,.p[ are obtained through Qf„„„ = 

e a F a Q F [ 

Fluid 101 70 Reß. 
DA L 

F2 0.89 0.45-1.5 [132] 

Cl2 4.24 3.23-5.5 [132] 

Br2 4.90 4.78 [132] 

I2 5.66 5.61 132] 

N» 1.44 1.39-1.6, 0.8-2.05 [132, 431] 

(07) 0.81 0.4, 0.32-1.90 [132, 431] 

CO2 3.79 1.64-4,87, 2.5-5.9 (132, 431] 

CS2 3.900 1.8-68 [132] 

C,H6 0.83 0.41-3.2, 0.3-0.75 [132, 431] 

CoH4 4.33 3.05-3.90, 1.3-40 [132, 431[ 

C,H2 5.07 3.0-8.4 [132] 

Propadiene 5.16 4.17-7.3 [132] 

eter Q is within the range of experimental quadrupole momenta. In the case of ethene, 

the parameter Q is only about 8 % higher than the largest value of the experimental 

quadrupole momentum. 

For the diatomic fluids fAuorine, chlorine, bromine, iodine, and nitrogen the parameter 

L agrees within 5 % to the experimental atom-atom distances, cf. Table 18. The pa- 

rameter L of further quadrupolar molecules may conveniently be compared to their real 
geometries, cf. Table 18. For this purpose, average atom-atom distances are considered. 

For example, the distance of the sulfur atoms in carbon disulfide is about 2-1,56 Ä =3.12 

Ä [204], ef. top of Figure 30. The parameter L = 2.6809 A of carbon disulfide has to be 
smaller than the sulfur-sulfur distance, as each of the Lennard-Jones sites in the 2CLJIJQ 

Mmodel has to account for one sulfur atom but also for “half” a carbon atom. In the case 

of ethyne, the carbon-carbon-distance of 1.36 Ä [204] is elose to its parameter L = 1.30 A, 

For the planar geometric halogenated ethene derivatives similar considerations are possi- 

ble, For example, by basic geometric calculations (ef. bottom of Figure 30) the average 

elongation of perfluoroethene can be estimated to |C=C|+ |C—F| - cos (ZFCF/2) = 1.31 

A Ea Ä'COS(]_]_4“/2) = 2.02 Ä ([204] which compares fairly well to its parameter 

L =2.2394 Ä. In these considerations, carbon-hydrogen distances are not regarded, but 

carbon-halogen distances are taken into account, as the influence of bonded hydrogen 

atoms on the position of Lennard-Jones sites can be neglected, whereas the influence of 

bonded halogen atoms is important. 

For ethane an acceptable description of the vapor-liquid equilibria could only be ob- 
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Table 18: Comparison of the model parameter L to experimental data of bond geometry. 

Fluid Z _ Bond geometry Refs. 

Ä 
Fa ı 148 FT 145 1204 
Ch. - 1982 CECL 200 [204] 
Bro 2.178 Br-Br: 2.28 [204] 

in 2.678 J-J: 2.66 [204] 
Nz 1.046 N=N: 1.0975 [389] 

O2 — 0.970 O-O: 1.208 [389] 
COs 2418 C=0 115 [204] 

CS2 2.681 C=S: 1.56 [204] 

CoHs 2.376 C-C: 1.55, C-H: 1.09 [204] 

CoHs 1.269 C=C: 1.33, C-H: 1.06 [204] 

C,H2 1.300 C=C: 1.205, C-H: 1.06 [204] 

CoF6 2725 C-C: 1.57, G-F: 1.36, [204] 

bond angle FCF: 108° 

OEı 2239 C} 131,.C-F: K3l [204] 

bond angle FCF: 114° 
CCl 2652 C=C: 1.38, C-Cl: 1.71,, [204] 

bond angle CICCI: 116° 

tained, when high numbers for either the parameter Q or the parameter £ were accepted. 

The 2CLJIQ potential model used in this work has no internal degrees of freedom. The 

unphysical values for these two parameters are needed in order to compensate for the 

energy stored in conformation changes of the methyl groups in real ethane molecules, that 

substantially influence the thermodynamics of fAAuid ethane. In the present work, a high 

value for the parameter Z was accepted, thus arbitrarily representing mechanical energy of 

internal conformation changes by mechanical energy of external rotation of the molecule. 

The present parameter £ = 2.3762 Ä of ethane is considerably larger than the experi- 
mental carbon-carbon distance of 1.53-1.55 Ä [204], which was used in the OPLS [164), 
TraPPE [254], and TraPPE-EH [48] force field parameters for ethane. The parameter Q 

of the present 2CLJQ model of ethane is in agreement with the experimental quadrupole 
momentum within the experimental uncertainty, cf. Table 17. 

When average atom-atom distances are considered as deseribed above, also the elon- 

gation L = 2,7246 Ä of the perfluoroethane molecule with intramolecular rotation is 0ver- 
sized. 

L, Le, reduced elongation L* typically higher than 0.9, were accepted for the modeling 
of halogenated ethane derivatives among the fluids with multipolar molecules in order to 
compensate for neglecting {he intramolecular rotation.
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Figure 30: Bond lengths and molecular geometry for carbon disulfide and perfluo- 
roethene, cf. Table 18. 

In general, the parameters j of the present 2CLJD models for fluids with multipolar 
molecules are Jarger than the corresponding experimental gas phase dipole momenta (: 
This may be explained by the fact, that the parameter / must account for polarization 
effects in the liquid phase, where dipole momenta are usually higher, and that the dipole 
often has to compensate for higher polarities that were not, modeled explicitly. In some 
cases, fair to good agreement between i and 4, can be observed, for example for R41 
(4=1.89 D, Hexp=1.98 D [328]), R143a (u=2.75 D, Kop=2.34 D [328]), R152a (U=2.74 D, 

Hexp=2.26 D [328]), CH3CI (4=2.02 D, texp=1.8 D [321]), CH3Br (#=1.85 D, jtexp=1.81 
[67]). and CHF=CH, (4=1,.66 D, jexp=1,43 D [67]). 

The modeling of carbon monoxide with a two-center Lennard-Jones based model is 

reasonable. Carbon monoxide is slightly dipolar, /exp % 0.1 D, and has a quite strong 

quadrupole momentum Qexp & 2 DÄ (132]. In Table 10 a 2CLJD model is given for carbon 
monoxide. It gives slightly better results than the also very accurate 2CLJQ model given 
in Table 9, whose parameter Q is close to Qexp. As expected, the parameter 4 of the 
2CLJD model is higher than “exp. However, in both cases, the model parameter L is very 
close to the C-O bond Jlength of 1.128 Ä, ef. [64]. 

In the following, a brief discussion of the physical interpretation of the size parameters 
7 and the energy parameters £ is given. 

Generally, for larger groups of bonded atoms in molecules larger numbers for 7° can be 

°xpected, as is seen by a comparison of the size parameters g of ethene, perfluoroethene, 

and perfluoroethane, cf. Table 8. In the case of the noble gases neon, argon, krypton, 

and xenon or the halogens fluorine, chlorine, bromine, and iodine the values for @ increaa_*. 
with the molecular mass. This finding corresponds to the increase of van der Waals’ radii 
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from top to bottom in the periodic table of elements. Similar rules apply to asymmetrie 

multipolar molecules. The parameter o increases for example in the following series, where 

the size and number of bonded halogen atoms increase: R152a, R143a, R1l34a, R125, 

R142b, R141b, R123, R115, R114, R113, or in the series R41, CH3Cl, CH3Br, CHal, or 

in the series of Stockmayer models for R32, CH2Cl,, CH,Br2, CHalz, ef. Table 10. 

For the noble gases and the halogens also the values for £ increase with increasing 

molecular mass, cf. Table 8. This finding corresponds to the empirical rule, that. van der 

Waals dispersion forces increase with the size of the molecule. Also in the above mentioned 

series of Stockmayer models a steady increase of the parameter £ is observed. 
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5 Molecular Models of Ethylene Oxide and Methanol 

The approach for optimizing molecular models developed in the previous chapters and 

used for 2CLJQ/2CL.JD models is useful only in the case of one or two adjustable model 

parameters. Such grid based optimizations of molecular models become computationally 

too expensive for higher numbers of model parameters. For most real fluids, however, 

a higher number of model parameters is needed. Other routes than that proposed in 

the previous chapters are needed for the systematic and efficient optimization of such 

molecular models. 

In this chapter, effective molecular models for the accurate description of the vapor- 

liquid equilibria of ethylene oxide (C,H4O) and methanol (CH3OH) are developed, that 

are compatible with the previously developed 2CLJQ/2CLJD models. A fast converging 

optimization method is applied for that purpose, cf. Appendix I. Ethylene oxide and 

methanol were ideal candidates for continuing the work on molecular modeling of low- 

molecular real fluids. Both are important basis chemicals. From the modeling point 

of view, they are examples for more complex real fluids, that need tailored molecular 
models, whose parametrization yet still allows the transfer of knowledge gained in the 

2CLJQ/2CLJID modeling approach. 

In the case of ethylene oxide, a rigid, effective, non-polarizable molecular model con- 

sisting of three Lennard-Jones sites plus a central point dipole is constructed. Using 

molecular structure data and results from the previous mödeling of classes of real fluids, 

the number of model parameters which have to be optimized is reduced to three. 

The model of methanol is an asymmetric, rigid, effective, non-polarizable two-center 

Lennard-Jones model with partial charges, that, as described in Chapter 2.1, account for 

polarities and hydrogen bonding. The methanol model developed here can be considered 

as an optimized version of the model proposed in [404]. Similar to ethylene oxide, also for 
methanol three model parameters were subject to optimization. 

Results for the new models are presented in Chapters 5.1 and 5.2. 

5.1 Ethylene Oxide 

The ethylene oxide molecule consists of two CH,-groups, bound to each other directly 

and via an oxygen atom. This bonding situation allows only little intramolecular tor- 

sion, therefore a rigid molecular model is adequate. Applying the united-atom modeling 

approach, each CH,-group and the oxygen atom were modeled by a Lennard-Jones inter- 

action site, cf. Figure 31. This basic structure leads to six model parameters L1, I2, OCH,, 

£CH2: 7o, and £p. The interaction of the Lennard-Jones sites is described in Appendix A 

Several alternatives are possible for modeling the multipolarity of the molecule, caused 

by the polarity of the C-O-bonds, among those are: several partial charges; a point dipole 

along the axis @ (ef. Figure 31) plus a point quadrupole parallel to the axis b, both 
located in the center of mass; a single point dipole along axis a, located in the center of 
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Figure 31: Structure of the molecular model of ethylene oxide. 

mass; a single point quadrupole along axis b, located in the center of mass. Due to the 

neutrality of the molecule, point charges would involve a single parameter, if they were 

placed on the locations of the Lennard-Jones sites, and they would model the multipolarity 

in detail. However, the use of partial charges is considered here more appropriate for 

hydrogen bonding substances, cf. the modeling of methanol in Chapter 5.2. Moreover, 

the calculation of the configurational part of the chemical potential for models with partial 

charges requires high efforts, that should be avoided whenever possible. The results from 

the 2CLIQ/2CLJID-modeling indicate, that, a single point dipole located in the center of 

mass should be sufficient for modeling the multipolarity, and was therefore chosen here, 

cf. Appendix A.3 for the interaction between point dipoles. The model then has seven 

parameters /,, 4, 0CH,; ECH2; 00; Eo; and the dipole momentum . 

For a reasonable optimization, the number of adjustable model parameters had to be 

reduced. Experimental data on the molecular structure [204] was adopted to specify the 

geometry parameters [, = 1.56 Ä and L =1.22 Ä. This direct use of the geometric data 

is motivated by the results for the 2CLJQ models discussed in Chapter 4.4. The Lennard- 
Jones parameters for the CHo-groups, vcm, and scm,, were optimized, whereas those for 

the oxygen atom, 079 and £9, were coupled to them by constant factors f and f. 

06.= fa'ÜCH;„ (140} 

that were set equal to the proportions of the Lennard-Jones size and energy parame- 
1;rä}rezulting from the 2CLIQ-modeling of ethylene {CH2 = CH,) and oxygen (02), ef. 

able 8, 
} 
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The dipole momentum j was subject to optimization, as, according to the 2CLJD- 
modeling, model dipole momenta are essentially higher than dipole momenta measured in 
the gas phase (1.89 D for ethylene oxide [204]). 

Correlations of experimental data of the saturated liquid density [67] and the vapor 
pressure [329] were used for the optimization of ocm,, Ecm,, and . The vapor-liquid 
equilibria were calculated with the NpT+Test Particle Method deseribed in Chapter 2.5.1, 
based on molecular dynamics simulations and the test particle insertion method, cf. Chap- 
ter 2.4. All molecular simulations were performed with 864 particles and cut-off radii of 
18.8 Ä. After each time step, 1,728 test particles were inserted in the liquid phase, and 
864 test particles were inserted in the vapor phase. The fluids were equilibrated over 5,000 
time steps, and sampling was done over 150,000 time steps, the time steps was 4.696 fs. 

The critical data of ethylene oxide are Teexp =469.15 K, Diexp = 7.194 MPa, 
Poexp = 7.128 mol/1 [67]. For the optimization, vapor-liquid equilibria were calculated 
for temperatures from 290 K up to 440 K, ie. between about 60% and about 95% of 
Tc‚?xp- 

Vapor-liquid equilibria of the optimized model (dcm = 3.5673 Ä, 00 = 2.9464 Ä‚ 
EcH/kp = 86.3938 K, £o/kp = 48.4823 K, u = 2.5703 D) are shown in Table 19 and Figure 
32. The optimized model deseribes the vapor pressure p, and the saturated liquid density 
' with mean relative deviations according to Equations (135) and (136) of öp, =6.5% 

Table 19: Comparison of experimental data [67] of vapor pressure, saturated liquid den- 

sity, and enthalpy of vaporization to results from the optimized molecular 

model of ethylene oxide. No experimental data is available for saturated vapor 

densities. The numbers in parentheses indicate the uncertainties of the last 

digits. 

T Do.‚sim Po‚exp p.;irn Pexp Psim A Ry.sim AhVflp 
K MPa MPa mol/1 mol/1 _ mol/l kJ/mol kJ/mol 

290 0.130 (13) 0.130 19.8523 (50) 19.842 0.0573 (38) 24.778 (54) 25.37 
302.5 0.223 (13) 0.203 19.4401 (50) 19.435 0.109 (14) 23.852 (55) 24.69 
315 0.286 (21) 0.335 19.0200 (60) 19.015 0.118 (11) 23.823 (59) 23.98 
327.5 0.479(22) 0.443 18.5912 (66) 18.614 0.200 (11) 22.823(71) 23.23 
340 0.647 (19) 0.625 18.1189 (78) 18.125 0.2633 (94) 22.221 (73) 22.43 
352.5 0.820(25) 0.880 17.6606 (88) 17.593 0.325 (12) 21.555 (78) 21.59 
365 — 1.146 (31) 1.153 17.1729 (92) 17.153 0.458 (16) 20.552(82) 2069 
377.5 1.409 (39) 1.516 16.609 (10) 16.627 0.551 (21) 19.741 (87) 1971 
390 1.958 (29) 1.957 16.088 (13) 16.065 0.796 (17) 18.472 (96) 18.65 
402.5 2.393 (46) 2.533 15.469 (14) 15.459 0.968 (29) 17.469 (97) 17.48 
415 3.045 (34) 3.223 14.789 (16) 14.793 1.283 (25) 16.01. (12) 16.17 
427.5 3.743 (41) 3.783 14.040 (19) 14.043 1.635 (37) 1451 (3M4) 1465 
440 _ 4.718 (38) 4.697 13.216 (23) 13.162 2.249 (39) 125 (16) 1281 
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Figure 32: Comparison of experimental data of saturated densities (top) and vapor pres- 
sure (bottom) to simulation results for ethylene oxide. — Experiment [67]. 
® Simulation with optimized molecular model. — — — Correlations of simu- 

lation results. Error bars of simulation results are, if not indicated, within 
symbol size. 

and öp'=0.17 %. The somewhat high mean relative deviation of the vapor pressure 15 
due to the scattering of the simulated Vapor pressure data. Nonetheless, the vapor pres- 
sure ig described with good AaCCUTACY, as shows the smoothening correlation of the vapor 
pressure data in Figure 32. The deseription of the saturated liquid density is excellent. 
Mf)feover‚ the critical temperature T, = 468.43 K, critical density p, = 7.2v-'11 mol/l, and 
critical pressure p; = 7.170 MPaof the optimized model are very c°]osc to the experimental
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critical data. Also the enthalpies of vaporization, cf. Table 19, are deseribed within 3%. 

5.2 Methanol 

The methanol molecule consists of a CH3-group bound to an OH-group. It is multipolar 
and hydrogen bonding. 

In the works of Walser et al. [424] and van Leeuwen and Smit [404] overviews on 
molecular models of methanol are given, and new three-site united-atom models with 
point charges are presented. In the present work, the model of methanol developed_by 
van Leeuwen and Smit [404] for the deseription of vapor-liquid equilibria, here referred to 
as model M>‚ is used as initial model for optimization. 

The effective, rigid, united-atom model Mg consists of two different Lennard-Jones 

sites that model the methylene group CHs, with the parameters gcmn;, = 3.740 Ä and 

EcH;/ks = 105.2 K, and the oxygen atom, with the parameters 09 = 3.030 Ä and co/kz = 

86.5 K, cf. Figure 33. Two point charges, gcn, = 0.265€ and qo = —0.7e, are located di- 
rectly on the Lennard-Jones sites, another one, qu = 0.435e, that models the H-atom, 

is located acentrically. For intramolecular bond lengths and bond angles van Leeuwen 

adopted the experimental gas phase values lcm.o =1.4246 Ä, lo-: =0.9451 A, and 
ACH;-0-H = 108.53°. 

The interactions between Lennard-Jones sites are deseribed in Appendix A.1, and the 

expressions for the interactions between sets of point charges are given in Appendix A.4, 

S Lennard-Jones site O 
Lennard-Jones site CHz 

Figure 33: Structure of the molecular möodel of methanol. 

Van Leeuwen and Smit [404] calculated vapor-liquid equilibria of the model Mo by 

the means of the Gibbs Ensemble Monte Carlo simulation technique with 216 molecules, 
handling the long-range corrections of the partial charges with Ewald summation [114]. 

The results of van Leeuwen and Smit, cf. Figure 34, though subject to large scattering, 

shöw a good agreement with the vapor-liquid equilibrium data for methanol.
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For a clearer view on the performance of the model M+6; vapor-liquid equilibria with 

very small statistical uncertainties were calculated in the present work by the means 

of the NpT+Test Particle Method based on accurate data of the configurational part 

of the chemical potential in the liquid phase from the gradual insertion method. The 

configurational part of the chemical potential in the vapor phase was calculated with 

the test particle insertion method. Technical details of these simulations are given in 

Appendix C.3. 

The present results for model My are given in Table 20 and are shown in Figure 34. 

Compared to the results of van Leeuwen [403], the present statistical uncertainties of the 
vapor pressure and the saturated liquid density are about an order of magnitude lower, 

Therefore, the vapor-liquid equilibrium data from the present work allow a rTeevaluation 

of the performance of model Mo. The model M4g yields already a good description of the 

vapor-liquid equilibria of methanol. The mean relative deviation of the vapor pressure 

according to Equation (136) is öp, = 7 %. However, for temperatures above 370 K the 

saturated liquid densities are somewhat too low, therefore the mean relative deviation of 

the saturated liquid density according to Equation (135) is öp' = 2.6 %. Consequently, the 

eritical temperature 7.<im = 509.8 K of model My) obtained from correlation of present 

saturated density data with Equations (123) and (124), is lower than the experimental 

value Tacp = 512.6 K [321]. 
The very low statistical uncertainties of the vapor-liquid equilibria obtained in the 

present. work allow the fine tuning of the parameters of the model Mg by the means of 

the method described in Appendix I. The aim is to obtain a more accurate description of 

the saturated liquid density and a critical temperature closer to the experimental value. 

For that purpose, the parameters 0cH,; £CH;, and gom, were subject to optimization. 

Note, that the electroneutrality of the model requires the adjustment of go, if gcm ® 

modified. Parameters related to the OH-group, whose interactions strongly influence 

thermodynamic properties, were retained, as this work goes only for small and controllable 

changes of thermodynamic properties. In order to keep the number of adjustable model 

parameters low, the bond lengths and the bond angle were retained. Note, that in light 

of the experience gained in the rigid 2CLIQ modeling of ethane (CH3 — CH3), retaining 

the C—O bond length should be considered critically. In both cases, a rigid model is 

used for molecules with relative intramolecular torsion of molecular groups. In the case 

of the ethane molecule, the C—C bond allows relative intramolecular torsion of the two 

CH3-groups. Consequently, for obtaining good accuracy of vapor-liquid equilibria, the 

elongation of the rigid 2CLJQ model of ethane had to be essentially larger than the real 

_C_C bond length. In analogy, the C—O bond of the methanol molecule allows relative 

intramolecular torsion of the CH3- and the OH-group. Hence, this analogy would justify 
to choose the distance of the two Lennard-Jones sites in the rigid methanol model larger 
than the real C—O bond length. 

The optimization yielded the model Meyt (0cm =3.7527 Ä, eom/ks = 117.81 K,
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Gc = 0.25174e), cf. Table 20 for the vapor-liquid equilibrium data. As can be seen 
in Table 20 and in Figure 34, the model M ope describes the saturated liquid densities 
with better accuracy (dp'=0.56 %) than model Mo. Hence, the eritical temperature 
of model Mop: (7; = 511.6 K) is closer to the experimental value, The reduction of the 
mean relative deviation in the representation of the liquid density of about a factor of four 
was, however, only possible at the expense of a slight increase of the mean relative devia- 
tion in the representation of the vepor pressure by about 20% (D7 = 9.9 %). The slightly 
larger deviation of the vapor pressure of model Mop: from experiment is still tolerable. 
A better description of the vapor pressure without loosing quality in the deseription of 
the saturated liquid densities could not be obtained. Due to the analogy discussed above, 
subjecting also the C—O bond length to optimization might be a good starting point for 
achieving a more accurate representation of the vapor pressure. It was, however, not in 
the scope of the present work to handle another parameter for that purpose. Therefore, 
model Mop: was accepted as model of methanol that describes saturated Jiquid densities 
with very good accuracy. 

Table 20: Comparison of experimental data [78] of vapor pressure and saturated liquid 

density to results from the molecular models Mo and M, opt Of methanol. No 

experimental data is available for the saturated vapor densities. The numbers 

in parentheses indicate the uncertainties of the Jast digits. 

I° Po‚sim Po.exp P:„ n Pé‚;p päm äc;x 
K MPa MPa_ mol/l _mol/1 mol/1l _ mol/l 

MO 
350 0.1575 (23) 0.162 22.902 (17) 22.995 0.056 (1) 0.060 
375 0.3647 (70) 0.375 21.970(20) 22.152 0.134 (2) 0.134 
400 0.792 (24) 0.774 21.007 (18) 21.206 0.296 (11) 0.273 
425 1.466 (49) 1.456 19,747 (29) 20.106 0.547 (43) 0.524 
450 2.555 (84) 2.543 18.274 (34) 18.765 0.85 (12) 0.963 
465 332 (15) 3.446 17.137(51) 17.782 0.95 (30) 1.357 
480 5.20 (13) 4571 16.006 (80) 16575 239 (16) 1.913 
490 6.17 (70) 5473 1489 (46) 15.544 57 (37) 2512 

Mopt 

325 0.0504 (19) 0.060 23.761 (23) 23.773 0.0197 (11) 0.023 
365 0.2315 (37) 0.272 22.463 (19) 22.499 0.0839 (14) 0.098 
405 0.833 (34) 0.884 20.910 (25) 21.000 0.306 (17) 0.312 
445 2.128 (56) 2.287 18.946 (37) 19.059 0.786 (25) 0.856 
475 3,97 (13) 4.169 16.823 (78) 17.011 171 (12) 1.699 
490 547 (31) 5473 15.60 (14) 15544 273 (32) 2512 
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Figure 34: Vapor-liquid equilibria of methanol: relative deviation of simulation data 

(sim) to experiment [78] (exp). Top: saturated liquid density. Bottom: vapor 
pressure. Symbols for simulation data: o data from [403] with model Mo, 
e this work with model M>o, A& this work with model M, opt: Error bars of 

simulation results are, if not indicated, within symbol size. 

In Table 21, densities of methanol in the homogeneous liquid phase obtained from the 

models Mo and Mpg are compared to experimental data [78]. It can be seen, that the 
model M, describes the liquid densities with slightly better accuracy than the model 
M90. The simulation data results from NpT Monte Carlo simulations with 864 molecules, 
cut-off radius 17.5 Ä, 50,000 Monte Carlo loops for equilibration, 200,000 Monte Carlo 
loops for data production. 



Table 21: Comparison of experimental 
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6 Molecular Models of Mixtures 

The application of molecular simulation to the deseription of vapor-liquid equilibria of real 

fluid mixtures requires compatible molecular models of the pure components. Obviously, 

the set. of molecular models of pure real fluids developed in the present work is an excel- 

lent basis for the development of molecular models of a large number of real mixtures. 

Molecular models of 45 unlike interactions in real mixtures were developed in the present 

work. In this context, the literature survey in Table 22, that lists publications on ther- 

mophysical properties of real fluid mixtures from molecular simulation, shows, that the 

present. work is the broadest one on molecular simulation applied to real fluid mixtures. 

The present work demonstrates, that molecular simulation is a powerful predictive tool 

for the deseription of thermophysical properties of real fluid mixtures. 

Without considering real fluids, thermophysical properties of hypothetical binary and 

ternary mixtures of Lennard-Jones fluids were investigated in pioneering work [360, 361]. 

Such fluids are still commonly used to validate or apply new simulation methods [15, 

23, 38, 39, 40, 142, 202, 203, 231, 324, 421]. Further authors investigated properties of 

mixtures of polar fluids [121, 342], or of polar and unpolar fluids [308], or focus on effects of 

three-body interactions or effects in ternary mixtures [341, 344]. Moreover, some authors 

studied such fluids to investigate mixing rules [49, 271, 396, 411], or vapor-liquid interfaces 

[267]. Simulation data for binary mixtures of 2CLJ and 2CLJQ fluids were used for the 

development of an equation of state [288]. 
Table 22 is related to molecular modeling of real mixtures. It shows, that most work 

was done on mixtures of a relatively narrow set of fluids — typically noble gases, methane, 

oxygen, nitrogen, carbon dioxide, n- and branched alkanes, methanol, and water. In 

many cases, the application of molecular simulation to real mixtures was aimed at the 

validation or comparison of molecular simulation methods, cf. [198, 218, 226, 398, 399, 

446]. Other authors focused on the extension of molecular simulation methods to complex 

mixtures, cf. [26, 89], or applied molecular simulation to improve the understanding of 

particular mixtures, for example carbon dioxide + alkane/perfluoralkane [65]. Further 

works answered to the need of more accurate molecular models [47, 48, 73, 91, 295, 297, 

323, 325, 331, 416, 434], or validated the predictive performance of existing molecular 

models, cf. |41, 42, 70, 71, 196, 246, 412]. A systematic study of phase equilibria from 
molecular simulation is available for alkanes [76]. 

Many of the results published in these works are in good agreement. with experimental 

data, cf. _for example |41, 42, 76, 198, 226, 218, 295, 325, 331, 416, 446], however, often large 

?ystematxc_ deviations to experimental data, particularly of the liquid phase composition 

in calculations of vapor-liquid equilibria, are observed [47, 65, 70, 73, 76, 325]. Two causes 

for such deviations are diseussed in literature: A 

{ G The_ inaccuracy of mar fluid models, Accurate and physically meaningful models 

of pure fluids are a prerequisite for obtaining quantitative results for mixtures.



T
a
b
l
e
 2
2:
 
Li
te
ra
tu
re
 s
ur
ve
y:
 

€ 
r
m
o
p
h
y
s
i
c
a
l
 
p
r
o
p
e
r
t
i
e
s
 o
f
 m
i
x
t
u
r
e
s
 
f
r
o
m
 
mo
öo
le
cu
la
r 
s
i
m
u
l
a
t
i
o
n
,
 

Re
f.
 

Sy
st
em
s 

M
i
r
t
u
r
e
s
 c
o
n
t
a
i
n
i
n
g
 n
o
Ö
l
e
 g
a
s
e
s
 

[3
98
] 

Ar
 +
 K
r:
 b

ub
bl
e 
po
in
ts
 (
LJ
, 
LB
) 

[2
65
] 

N
e
 +
 
Ar
, 
N
e
 +
 
K
r
,
 
N
e
 +
 X
e
,
 
A
r
 
+
 
Kr
, 
A
r
 
+
 
X
e
,
 
K
r
 +
 
X
e
:
 

[4
40
[ 

N
e
 +
 X
e,
 H
e
 +
 N

e,
 H
e
 +
 A

r,
 H
e
 +
 X

e:
 
V
L
E
 (

ex
p-
6,
 L
B
)
 

[2
60
] 

bi
na
ry
 m
ix
tu
re
s 
of
 A
r,
 K
r,
 C
H
,
,
 
N2
, 
O
,
 

26
1]
 

bi
na
ry
 m
ix
tu
re
s 
of
 A
r,
 K

r,
 C
H
4
,
 N
z,
 O
2,
 

[4
15
],
 [

41
26
],
 [

(4
17
] 

 m
ix
tu
re
s 
of
 A
r,
 C
H
a
,
 C
2
H
g
,
 C
O
 

Mi
rz
tu
re
s 
o
f
 m
e
t
h
a
n
e
,
 
et
ha
ne
, 

c
a
r
b
o
n
 d

io
xi
de
, 

vi
ri
al
 c
oe
ff
ic
ie
nt
s 
(n
on
e.
 
a
p
p
r
o
x
.
 
th
,)
 

C
O
:
 t
h
e
r
m
o
d
y
n
a
m
i
c
 p
ro
pe
rt
ie
s 

{L
J,
 L
B
)
 

C
O
:
 e
xc
es
s 
pr
ap
er
ti
es
 (
LJ
, 
L
B
)
 

V
L
E
 (
L
,
 L
B
 w
it
h 
ad
ju
st
ed
 b
in
ar
y 

in
te
ra
ct
io
n 

pa
ra
me
te
: 

ni
tr
ög
en
, 

ei
ke
ne
, 
P
r
o
p
a
n
e
,
 
p
r
o
p
y
l
e
n
e
,
 
k
y
d
r
o
g
e
n
,
 

[4
46
] 

C
H
4
 +
 C
2
H
6
:
 
V
L
E
 (
LJ
, 
L
B
)
 

[1
07
) 

C
O
2
 +
 C
2
H
g
:
 
qu
al
it
at
iv
e 
de
sc
ri
pt
io
n 
of
 a
ze
ot
ro
pi
e 
be
ha
vi
or
 {
L.
 

{2
17
] 

C
O
4
 +
 C
,
H
6
:
 
ex
ce
ss
 p
ro
pe
rt
ie
s 

(L
J,
 L
B
)
 

{4
1]
 

bi
na
ry
 a
n
d
 t
er
na
ry
 m
ix
tu
re
s 
of
 N
2,
 C
H
a
,
 C
o
H
e
,
 C
O
2
:
 
V
L
E
 (
LJ
, 
L
B
)
 

(1
98
] 

N
2
 +
 C
2
H
e
:
 
V
L
E
 (
LJ
, 
L
B
 w
it
h 
ad
ju
st
ed
 b
in
ar
y 

in
te
ra
ct
io
n 
pa
ra
me
te
r)
 

[2
18
] 

C
0
3
 
+
 C
aH
g,
; 
C
H
y
 
+
 C
a
H
g
,
 C
H
;
 
+
 C
O
2
;
 
C
H
;
 
+
 C
o
H
g
 
+
 C
0
3
.
'
 

[3
25
] 

N
z
 +
 C
O
2
;
 N
a
 
+
 C
O
2
 +
 p
ro
pa
ne
: 
V
L
E
 (
LJ
, 
L
B
}
 

(4
2]
 

bi
na
ry
 m
ix
tu
re
s 
of
 C
Ha
4,
 C
2
H
o
,
 C
o
H
a
,
 p
ro
py
le
ne
: 
V
L
E
,
 a
pp
li
ca
ti
on
 o
f 

[7
5]
 

bi
na
ry
 m
ix
tu
re
s 

of
 H
a,
 D
,
 N
z,
 Ö
2,
 F
a,
 

[2
25
] 

Br
a 
+
 C
L
 +
 B
rC
l:
 c

he
mi
ca
l 
an
d 
ph
as
e 

Mi
rt
ur
es
 o
f 
re
fr
ig
er
an
ts
 

[1
19
] 

r8
) 

de
ut
er
tü
m,
 
or
yg
en
, 
Ru
or
in
e,
 
ch
lo
ri
ne
, 

or
 d
ro
mi
ne
 

7,
 a
d
j
u
s
t
e
d
 u
n
l
i
k
e
 i
nt
er
ac
ti
on
 
p
a
r
a
m
e
t
e
r
s
)
 

V
L
E
 (
LJ
, 
L
B
 w

it
h 
ac
ju
st
ed
 b
it
ar
y 
in
te
ra
ct
io
n 
pa
ra
me
te
rs
) 

pu
‘i
)l
is
he
dm
od
ol
st
'm
m 
pr
es
en
t 
w
o
r
k
 [

42
2]
 (

LJ
, 
L
B
)
 

Cl
2:
 
vi
ri
al
 c
oe
fl
ic
ie
nt
s 
(n
on
c.
 
ap
pr
ox
. 

th
.)
 

eq
ui
li
br
ia
 (
LJ
, 
L
B
)
 

R
2
2
 +
 R
14
2b
, 
R
2
2
 +
 R
15
2a
: 
V
L
E
 (

LJ
, 
L
B
)
 

Mi
rz
tu
re
s 
C
o
n
t
a
t
n
i
n
g
 n
-
a
l
k
a
n
e
s
,
 p
er
fl
uo
ro
al
ka
ne
s,
 
b
r
a
n
c
h
 

I7
1)
 

13
99
 

{3
97
] 

[3
23
] 

e
d
 a
lk
an
es
, 

b
e
n
z
e
n
e
,
 
e
y
c
l
o
h
e
r
a
n
e
 

C
H
4
 
+
 n
-p
en
ta
ne
, 
C
H
,
 
+
 n
-d
od
ec
an
e:
 
V
L
E
 (

LJ
, 
L
B
)
 

C
H
1
 +
 n
-p
eu
ta
ne
, 
C
H
,
 +
 p
ro
pa
ne
 +
 n
 

C
O
2
 +
 n
-d
ec
an
e:
 
V
L
E
 (
LJ
, 
L
B
)
 

C
H
4
 
+
 n
-p
en
ta
ne
, 
C
O
,
 +
 C
2H
6/
pr
op
an
e/
n-
pe
ut
an
e:
 
V
L
E
 (
ex
p-
6,
 L
B
 a
n
d
 K
o
n
g
)
 

pe
nt
an
e:
 
bu
bb
le
 p
oi
nt
s 

(L
J,
 L
B
)
 

[J
48
] 

C
2
H
g
 +
 n
-h
ep
ta
ne
: 
V
L
E
 (

LJ
, 
L
B
)
 

105



T
a
b
l
e
 2

2:
 
co

nt
in
ue
d 

Re
f.
 

Sy
st

em
s 

12
53

1 
[3
31
] 

[6
5]

 
[91

] 
[2

97
] 

[2
95

] 
[4

34
] 

[76
) 

[2
46
] 

C
z
H
6
 +
 n
-h
ep
ta
ne
, 
n-

oc
ta

ne
 +
 n
-d
od
ec
an
e;
 V
L
E
 (
LJ
, 
L
B
)
 

Nz
2 
+
 
b
u
t
a
n
c
:
 
V
L
E
 
(L

J,
 L
B
)
 

C
O
2
 +
 a
lk
an
e/
pe
rf
lu
or
oa
lk
an
e:
 
V
L
E
 (
LJ
, 
L
B
)
 

bi
na

ry
 m
ix
tu
re
s 
of
 n
-a

lk
an

es
: 
V
L
E
 (
LJ
 a
nd

 e
xp
-6
, 
L
B
)
 

bi
na

ry
 m
ix

tu
re

s 
of
 n
-a
lk
an
es
: 
V
L
E
 (
LJ

, 
L
B
)
 

bi
na
ry
 m
ix

tu
re

s 
of
 b
ra
nc
he
d 

al
ka

ne
s;

 
V
L
E
 (
LJ

, 
L
B
)
 

C
,
H
4
 
+
 
n
-
h
e
p
t
a
n
e
,
 b
e
n
z
e
n
e
 +
 n
-
p
e
n
t
a
n
e
:
 
V
L
E
 (
LJ

, 
L
B
)
 

C
H
4
 +
 n
-
p
e
n
t
a
n
e
,
 C
H
y
 
+
 e
cy
ol
oh
ex
an
e,
 C
H
4
 
+
 b
e
n
z
e
n
e
:
 
V
L
E
 (
LJ

, 
L
B
 a
n
d
 O
P
L
S
)
 

C
H
4
 
+
 n

-p
en
ta
ne
, 
C
H
,
 
+
 n
-d
od
ec
an
e:
 
V
L
E
 (
LJ

, 
L
B
)
 

M
i
r
t
u
r
e
s
 
c
o
n
t
a
i
n
i
n
g
 m
e
t
h
a
n
o
l
,
 
et

ha
no

l,
 
wa

te
r,

 
o
r
 H
3
S
 

C
H
3
z
O
H
 
+
 
C
2
H
g
:
 
V
L
L
E
 (
LJ

, 
L
B
)
 

C
H
3
z
O
H
 +
 a

ce
to
ni
tr
il
e:
 V
L
E
 (

ab
-i
n.
) 

C
H
3
O
H
 +
 n
-h
ex
an
e,
 e
th

an
ol

 +
 n
-h
ex
an
e:
 V
L
E
 (

L.
J,
 L
B
)
 

bi
na

ry
 m
ix
tu
re
s 
of
 C
H
;
O
H
,
 i
so

bu
te

ne
, 
n-
bu
ta
ne
, 
M
T
B
E
;
 V
L
E
 (
LJ

, 
O
P
L
S
)
 

C
H
3
O
H
 +
 i
so
bu
te
ne
 +
 M
T
B
E
:
 r

ea
ct

io
n 
an
d 

ph
as
e 

eq
ui

li
br

ia
 (

LJ
, 
O
P
L
S
)
 

bi
na

ry
 m
ix

tu
re

s 
of

 C
H
z
O
H
,
 e
th
an
ol
, 

H2
O0
, 
C
O
2
,
 C
2
H
e
:
 
V
L
E
 (
LJ
, 
L
B
 a
nd

 O
P
L
S
)
 

C
H
3
O
H
 +
 H
,
O
 +
 C
O
2
:
 
V
L
E
 (
LJ

, 
L
B
 a
nd

 O
P
L
S
)
 

C
H
4
3
O
H
,
 H
O
 
+
 
C
o
H
g
 
+
 
C
O
,
,
 
C
H
4
O
H
 +
 
n
-
h
e
x
a
n
e
:
 
V
L
E
 (
ex
p-
6,
 
L
B
 a
n
d
 K
o
n
g
)
 

H
0
 +
 C
O2
: 
V
L
E
 (

LJ
, 
LB

 a
nd

 O
PL
S)
 

H
O
 +
 C

Ha
4,

 H
2
0
 +
 C
2
H
e
:
 
ph
as
e 

eq
ui
li
br
ia
 (
LJ
 a
n
d
 e
xp

-6
, 
L
B
)
 

n-
al

ka
ne

s 
in
 w
at
er
, 
wa
te
r 

in
 n
-h

ex
an

e:
 
He

nr
y’

s 
la

w 
co

ns
ta

nt
s 

(e
xp
-6
, 
L
B
 a
n
d
 K
o
n
g
)
 

H
2
5
 +
 
n-
pe
nt
an
e:
 
V
L
E
 (

LJ
, 
L
B
)
 

H
2
5
 +
 p

ro
pa
ne
/n
-p
en
ta
ne
/n
-d
ec
an
e,
 H
2
5
 +
 C
O
2
:
 
V
L
E
 (

LJ
, 
L
D
)
 

F
u
r
t
h
e
r
 m
u
l
t
i
c
o
m
p
o
n
e
n
t
 
m
i
r
t
u
r
e
s
 

[3
03
] 

T
h
e
 s
ho
rt
-c
ut
 
n
o
t
a
t
i
o
n
s
 
us
e 

“
n
O
N
C
.
 

“
O
P
L
S
”
 
O
P
L
S
 c

or
 

n
a
t
u
r
a
l
 g
a
s
 (
m
u
]
l
u
m
u
p
u
u
t
 nt
 ll
]l

'\
.t

'l
ll

(“
fi)

 
vc

>l
um

(‘
in

r‘
 p
r
o
p
e
r
t
i
e
s
 (
LJ

, 
L
B
)
 

a
p
p
r
o
x
.
 
th

.”
 
n
o
n
c
o
n
f
o
r
m
a
l
 u
p
p
m
x
i
u
l
a
 
io
n 
th
eo
ry
, 

n
i
n
g
 r

ul
es

, 
“
K
o
n
g
”
 
K
o
n
g
 c
o
m
b
i
n
i
n
g
 r

ul
e 

'
V
L
 L
)
E
“
 va
po

r-
li

qu
id

(-
Li

qu
id

) 
nq

ul
 
br

ia
, 
“
M
T
B
E
”
 m
n
t
h
_
y
l
 t
er

t-
bu

ty
l 

Ll
.l
l(
l.
 

106 
6 MOLECULAR MODELS OF MIXTURES



6.1 Unlike Interactions 
W 

(ii) The inadequacy of combining rules, cf., Chapter 6.1. The predietive qualities of 

different combining rules and their modification by the introduction of binary interaction 

parameters are controversially discussed in literature [65, 72, 323, 371]. but no particular 

combining rules are presently generally accepted or generally ruled out, though Table 22 

underlines, that the Lorentz-Berthelot combining rules are preferred by most authors. 

Starting from the pure component models, the unlike Lennard-Jones interactions are 

modeled in the present work on the basis of the Lorentz-Berthelot combining rules, which 

are known to give good results in many cases [41, 42, 325]. Predietions of vapor-liquid 

equilibria from pure component data alone are studied, as well as the adjustment of 

one parameter in the energetic term of these combining rules to binary data. For that 
adjustment, a simple and effGieient procedure is proposed. An alternative approach followed 

by some authors, for example [325], is to determine parameters of pure Auids by including 
binary data in the model development. This route allows to avoid the introduction of 

binary parameters for certain classes of mixtures, for example alkanes, but is not generally 

applicable. 

Throughout this chapter, results from molecular simulation are compared to results 
from the Peng-Robinson equation of state [316]. In some cases, also results from the 
PC-SAFT equation of state [133] and the BACKONE equation of state [287, 430] are 
shown. 

6.1 Unlike Interactions 

On the basis of compatible molecular models of pure fluids, molecular modeling of binary 

mixtures of components a and b reduces to modeling the unlike interactions between 

unlike molecules. The electrostatic interactions between quadrupoles, dipoles, or point 

charges are physically defined, cf. Appendices A.2 to A.6, and, therefore, do not require 

any particular modeling. For the description of unlike Lennard-Jones interactions, the 

unlike Lennard-Jones interaction parameters 75 and £ap have to be determined from the 

parameters of the pure fluid models by the means of combining rules, like the Lorentz- 
Berthelot rules [12, 232, 250], the OPLS rules [164], the Kong rules [187], the Waldman- 

Hagler rules [423], or the Fender-Halsey rules [98]. As shown in Table 22, the Lorentz- 

Berthelot combining rules are generally preferred, and are used here as basis for the 

determination of 072 and &p 

Da = (0a+0)/2; (144) 

E SE (145) 

Despite the simplicity of the effective molecular models developed in the present work, 

Predietions based on Equations (144) and (145) are already in reasonable agreement with 
“xperimental data in many cases, as shown in the following chapters. The agreement with 
“xperimental data can be improved by introducing binary interaction parameters 7 and £
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into Equations (144) and (145) 

Heb (aa +°’b) /2 {1-1[)) 

Eab. = |£ “ Ea E Q147} 

as was shown by Fischer et al. [109], and Vrabec and Fischer [415, 416] for the mixtures 

argon + methane, methane + carbon dioxide, methane + ethane, and ethane + carbon 

dioxide. These authors proposed to adjust £ and n to molar excess enthalpies and 

molar excess volumes. In all cases they found that the value of 7 was very close to 

unity. Accordingly, Kronome et al. [198], published vapor-liquid equilibria of the mixture 

nitrogen + ethane obtained from molecular simulation with 7 = 1 and with £ = 0.9841 

adjusted to experimental vapor-liquid equilibrium data, 

Consequently, it was considered reasonable in the present work to assume throughout 

n=L. (148) 

For each unlike Lennard-Jones interaction the value of £ was obtained from fitting the 

equilibrium pressure of the model mixture to the experimental equilibrium pressure ofa 

single state point. This approach was chosen based on results from a case study, in which 

for several isotherms and mixtures at given liquid phase compositions 7, the sensitivities of 

the equilibrium pressure p and of the vapor phase composition y to variations of £ around 

unity were investigated. It was found in all cases that the equilibrium pressure decreases 

almost linearly with increasing £, whereas the vapor phase composition shows only little 

sensitivity to variations of £. This behavior was exploited to determine the value of &. For 

this purpose, at a selected experimental vapor-liquid equilibrium state point (p, T, z, Ylexp 

for each binary mixture, the vapor pressures for three different values of £ close to unity 

were calculated. A linear fit p(£) = a-£+b was suflicient to describe these three data 

points with good accuracy. The value of £ was then obtained from equating that fit to the 

experimental value of the equilibrium pressure p.xp. Criteria for choosing the experimental 

state points for the adjustment of £ were: preferably equimolar liquid mixture and medium 

temperature. 

Altogether, models for 45 unlike Lennard-Jones interactions in fAuid mixtures Wwere 

developed. The experimental data chosen for the adjustment of £ and the resulting value 

of £ are given in Table 23 for fluid mixtures of unpolar or quadrupolar components and 
in Tables 24 for fluid mixtures containing multipolar components. Data for mixtures Con- 

taining the multipolar component propylene is discussed separately in Chapter 6.3.1. The 
f“’°rk on mixtures containing multipolar components is focussed on cases that are interest- 

MS for industrial applications, like mixtures containing carbon monoxide or refrigerants. 
Mixtures, for which no or poor experimental data was available, were not considered in the 
prt5m:1t work. It is important. to note, that the modeling of unlike interactions in mixtures 

containing tetrafluoromethane or tetrachloromethane, that, were unphysically modeled as
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Table 23: Binary interaction parameter £ for mixtures of unpolar or quadrupolar COmpo- 
nents. Experimental data point (exp) used for the adjustment of E and result 
for that data point from simulation (sim) with adjusted £. 

Mixture (1+2) E F T1,exp Dexp Psim Yı,exp Yısim — Ref, 
K_ __ mol/mol _ MPa__ MPa_ mol/mol mol/mol 

Ne+ Ar 0.854 110.78 0.145 1222 121 0.828 0.836 — [379] 
Ne+Nz D.945 82.70 0.122 4.05 390 0.923 0.916 [33] 
Ne + O2 0.921 110.39 0.159 14.0.. 142 0.848 0.8555 — [380] 
Ne + CO 1.124 273.15 0.038 8.84 884 0.445 0.466 — [350] 
Ar+Kr 0.989 88.06 0.647 0.083 0.075 0.978 0.995 — (351] 
Ar + CH; 0.964 123.05 0.448 0811 0.833 0.808 0.793 . [355] 
Ar+N2 1.008 84.50 0.521 0.150 0.144 0.280 0.287 212} 
Ar+ O2 0.988 104.95 0.500 0.440 0.436 0.546 0.549 [57] 
Ar+ CO 0.999 253.15 — 0.095 6.14 596 0.548 0.572. [168] 
Kr + Xe 0.989 200.64 0.463 20r ar ZIE 0.787 0813 36] 
Kr+CH, 1.005 115.77 . 0.532 0.107 0.108 0375 0.367 [37) 
Kr+ O, 0.979 109.80 0.500 0.297 0.293 — 0.076 0.084 — [97] 
CH4 + CO2 0.962 230.00 0.318 5.57 5.61 0.764 0.769 [68] 
CH4 + CoHg 0.997 172.04 0.504 124 136 0.966 0.985 [433] 
CHa + C2H4 1.022 160.00 0.476 0.851 0.853 0.954 0.955 [273] 

Na + CH4 0.958 140.00 — 0.301 219 724 0.685 0.702 — [170] 
N2+ 02 1.007 105.00 0.500 0.743 0.734 0.702 0.707 [81] 
N2 + CO2 1.041 270.00 0.132 9.29 9.19 0.417 0.457 [369[ 
Na + CoHg 0.974 260.00 0.165 711 686 0.558 0.590 — {131] 
N3 + C,H; 0.962 200.00 — 0.274 838° LUn 0.816 0.845 [131) 
O3 + CO, 0.979 253.15 0.141 u „ 0.574 0.616 _ {113] 
CO2 + C,Hg 0.954 263.15 0.425 2.900 295 0.514 0517 ] 
CO2 + CSz 0.918 36001 0477 115 908 0.875 0.924 [330) 
CO2 + Clo 0.936 233.15 0.228 486 4.68 0.880 0.862 — [173] 
CoH4 + C2Hg 1.037 208.40 0.556 0.497 0.490 0.684 0.700 [169] 
CaH4 + CoH2 0.975 235.93 0818 156 153 0.842 0.849 [152] 
CaH6 + C,Hz 0.968 277.59 0.859 3.20 Zı 0.789 0.785 [259] 

CH4 + CO, 0.944 243.15 0.459 193 195 0.515 0,524 [275) 
CzFe + CO 0.867 227.60 0.511 0.911 0.923 0.344 0.341 [357] 

2CLIQ test cases in Chapter 4, was not successful, ef. [378]. The point quadrupole fails 
'n modeling the electrostatic interactions of these molecules. 

Results for vapor-liquid equilibria, saturated densities and enthalpies of vaporiza- 

tion.are shown in Chapter 6.2 for mixtures containing quadrupolar components, .a„u_d S 
Chapter 6.3 for mixtures containing multipolar components. Al vapor-liquid equilibria of 
Mixtures were obtained from the Grand Equilibrium method as described in Chapter 2'.5'2' 
Technicaf details of the simulations are given in Appendix C4 The complete -numencal 
Simulation data set for all mixtures considered in the present work is available in [378]. 

I should be summarized, that the present modeling approach, that docs nlot e 
Plicitly molecular polarization, yielded very satisfactory deseription of experimental data 
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Table 24: Binary interaction parameter £ for mixtures containing multipolar compo- 

nents. Experimental data point. (exp) used for the adjustment of £ and result 

for that data point from simulation (sim) with adjusted £. The 2CLJD model 

of carbon monoxide from Table 10 was used for mixtures containing carbon 

monoxide. 

Mixture (1+2) € T T1 D Dn Yı,exp Yızim — Ref. 
K mol/mol MPa _ MPa mol/mol mol/mol 

CH4 + CO 1.003 123.4 0.64 0.988 0.969 0.2 0.204 54 
CO + CoHe 1017 223.15 0.138 4.137 4.104 0.789 0.796 [395] 
CO + CO 1.080 243.14 0.139 7.706 7.516 0.666 0.675 [53] 
Nz + CO 1.007 83.82 0.445 0.167 0.174 0.56 0.544 [372] 
R22 + CS2 0.950 398.15 0.1669 2.79 2.676 0.6888 0.698 [336) 
CO2 + R22 1.006 273.15 0.4666 1.695 1.683 0.7963 0.788 [336] 
CO2 + R23 0.997 26335 0.4172 2202 2290 0.4818 0.491 1336] 
R143a + R134a 0.994 293,.15 0.442 0.798 0.832 0.567 0.563 [214] 
R125 + R143a 0.987 264.014 0.5026 0.466 0.500 0.5158 0.522 [291] 
R125 + R134a 0.999 283.053 0.4928 0.659 0.662 0.65 0.638 [290] 
R143a + R152a _ 1.023 293.15 0.437 0.804 0.713 0.639 0.585 [214] 

of thermophysical properties over wide temperature ranges. This is particularly interest- 

ing in the case of mixtures containing strongly dipolar or polarizable components, like 
carbon disulfide + R22, cf. Chapter 6.3, or carbon dioxide + methanol, cf. Chapter 6.4. 

The modeling of molecular polarization is considered an important issue in literature, as 

illustrates the discussion on different modeling approaches for the mixture hydrogen sul- 

fide + n-pentane [70, 73, 293]. In the work of Delhommelle et al. [70, 73], the explicit 
modeling of the molecular polarization is considered important for obtaining quantitative 

description of the vapor-liquid equilibria of that mixture from molecular simulation. Their 
results agree well with experimental data, if the pressure is not too high. In contrast, Nath 
[293] developed non-polarizable molecular models of these molecules and obtained better 
results from molecular simulation for higher pressures, but systematic deviations of the 
li_quid phase composition occur. The present satisfactory results, that were obtained with 
simple, non-polarizable models, will contribute fruitfully to this discussion. 

6.2 Binary Mixtures Containing Quadrupolar Components 

Vapor-liquid equilibria, saturated liquid densities, and enthalpies of vaporization of binary 

m.ixt‚ura; of unpolar or quadrupolar components at. different state points were calculated 
with the molecular models listed in Table 23, Five binary mixtures of the quadrupolar 

components nitrogen, oxygen, carbon dioxide, and ethane were studied in more detail, 
cf. Chapter 6.2.1, in order to demonstrate the performance of molecular simulation as
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predietive and reliable tool for the calculation of thermophysical properties of Auid mix- 

tures in comparison to Tesults from equations of state. Results for further binary mixtures 

containing quadrupolar components are discussed in Chapter 6.2.2. The focus is on mix- 

tures with non-spherical molecules, the excellent results for mixtures of simple spherical 
molecules, like argon + krypton or neon + methane, are not shown, but are available in 

[378]. 

6.2.1 Binary Mixtures of Nitrogen, Oxygen, Carbon Dioxide, and Ethane 

The present simulation results for the binary mixtures nitrogen + oxygen, carbon dioxide 

+ ethane, oxygen + carbon dioxide, nitrogen + carbon dioxide, and nitrogen + ethane are 
compared to simulation results from other authors, to experimental vapor-liquid equilib- 

Tium data, to results from the multiparameter equation of state from the program package 
DDMIX provided by the NIST [86, 88], and to results from the Peng-Robinson equation 
of state [316]. The acentric factor w, the critical temperature T., and the critical pressure 
Pe of the pure fluids needed for calculations with the Peng-Robinson equation of state 

were taken from Reid et al. [321]. Additionally, results for vapor-liquid equilibria from 

the PC-SAFT (133] and the BACKONE equations of state [287, 430], that arc based on 
theoretical principles accounting for molecular interactions, are discussed. The binary 

Paramoeters k;; of these three ecquations of state were adjusted to the same data that were 

used for the determination of the binary interaction parameter £ of the molecular models, 

cf. Table 23. The values of the binary parameters k;; are given in Table 25. 

Table 25: Binary equation of state parameters k;; for mixtures of nitrogen, oxygen, car- 

bon dioxide, and ethane. 

Mixture Peng-Robinson PC-SAFT _ BACKONE 
Nz2 + O2 —0.00978 —0.00160 —0.003 

CO2 + C2Hs5 0.13008 0.10289 0.0914 

O02 + CO, —0.04838 0.05929 —0.01 

Nz + CO —0.01493 —0.01793 —0.04 

N + CoHs 0.05233 0.04313 —0.025 

Two types of calculations were carried out for both the molecular simulation and the 

°quations of state. One calculation was performed without using the adjusted binary 
Parameter £ or k;;, Le. a prediction of the properties of the mixture from pure component 

data alone, and the other using the binary parameters. As the predietion from pure 

Component, data alone is used only as reference, it was not carried out for all isotherms, 

The vapor-liquid equilibrium calculation was done at given temperature 7° and liquid 

phase com position z. Data on the vapor pressure p, vapor phase composition y, saturated 
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Jiquid density p’, and enthalpy of vaporization Ahv are reported. 

6.2.1.1 Vapor-Liquid Equilibria 

Nitrogen + Orxygen 

Knowledge on vapor-liquid equilibria of this binary system is fundamental in various 
industrial applications such as air liquefaction and air separation. F igure 35 shows results 
from the present work for the equilibrium pressure and the vapor phase mole fraction 
for three isotherms. The results for the 105 K isotherm show that predictions from pure 
component data alone are already in very good agreement with the experimental data for 
that system, both for the molecular simulation and for the Peng-Robinson equation of 
state. Simulations with adjusted binary interaction parameter £ excellently describe the 
experimental data. The Peng-Robinson equation of state also yields excellent results with 
or without adjusted binary parameter. 

25} 
f 

P}/MPa 

2,0 W 
120K 

1,5 4 

1,0 ® 
$ 105 K 

0,5 + 
D 

| 80K ( 
0,0 T d 7 { 

0,0 0.2 0,4 0,6 0,8 1,0 
x.../ mol mol” N2 

Figure 35: Vapor-liquid equilibria of the mixture N> + O2. Simulation, this work: 
® (£ adjusted), o (£= 1). Peng-Robinson equation of state: 
7 (Kiz = —0.00978), —— — (k; =0). + Experiment [181). 

Caorbon Dioride + Ethane 

This mixture is important, in the 
azeotrope, it has a more complex _ ph 
For this system results for vapor-liqui 

petrochemical industry. Due to its low boiling 
ase behavior than the system nitrogen + oxygen. 
d equilibria from molecular simulation are available
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from Liu and Beck [218] and from Potoff et al. [323]. Results from Gibbs Ensemble Monte 

Carlo simulations of Liu and Beck [218] and results from the present work are very sim- 

ilar. This could be expected as these authors used two-center Lennard-Jones type pure 

component models determined by Vrabec and Fischer [416] and Möller et al. [283] and 

Lorentz-Berthelot combining rules with two adjusted binary parameters 7 and £ taken 

from |416]. Therefore, a direct comparison to results from Liu and Beck [218] is omitted 

here for brevity. Potoff et al. [323] performed grand canonical histogram-reweighting 

Monte Carlo simulations with computationally expensive exponential-6 type models with 

fixed partial charges and, in the case of ethane, intramolecular degrees of freedom [91]. 

The models used by Potoff et al. [323] were obtained from experimental pure substance 

vapor-liquid equilibrium data. Potoff et al. [323] performed simulations with the Lorentz- 
Berthelot and the Kong combining rules, without adjusting binary parameters. 

In Figure 36 simulation results from the present work are compared to results from the 

Peng-Robinson equation of state and to simulation data from Potoff et al. [323] obtained 

with the Kong combining rules. Both Figures show, that even the purely predictive 

molecular simulations from the present work describe the azeotropic behavior. This is a 

clear advantage of molecular simulation over the Peng-Robinson equation of state, which 

prediets no azeotrope. The results of the sophisticated model of Potoff et al. [323] are in 
very good agreement with experimental data. A somewhat better accuracy is obtained 

using the model presented here with adjusted binary interaction parameter £. 

Orygen + Carbon Dioride 

Vapor-liquid equilibria of mixtures of oxygen and carbon dioxide are encountered in 

the petrochemical and food processing industries. Fluid phase equilibria in that system 

only exist at temperatures and pressures for which pure oxygen is supercritical, as the 

ceritical temperature of oxygen is lower than the triple temperature of carbon dioxide. No 

vapor-liquid equilibrium data from molecular simulation is available from other authors. 

Results for phase diagrams of the mixture oxygen + carbon dioxide are shown in 

Figure 37. The prediction from molecular simulation without adjusting £ is already in 

very good agreement. with experimental data. In contrast, the predietion from the Peng- 

Robinson equation of state without using k;; is poor for the bubble line. As long as 

the pressure is not, too close to the eritical pressure of the mixture, both methods with 

adjusted binary parameter are in fair agreement with experimental data. For this mix- 

ture, the average statistical uncertainties of the simulation data are quite large, they are 
about +0.35 MPa for the pressure and about +0.02 mol mol7* for the vapor mole frac- 

tion. As shown in Figure 37, bottom, similar results were obtained for the 223.15 K and 

the 283.15 K isotherms. 
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Figure 36: Vapo;41_quid equilibria of the mixture CO2 + C,Hge. Simulation, this work: 
® (£ ad1us't.ed)‚ 9 (£ =1). Simulation with Kong combining rules: A [323]. 
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Nitrogen + Carbon Dioride 

Vapor-liquid equilibria of this mixture are important in nat ural gas processing. Similar 

to the system oxygen + carban dioxide, vapor-liquid equilibria of nitrogen + carbon 

dioxide only exist at temperatures and pressures for which pure nitrogen is supereritical, 

At 253.15 K vapor-liquid equilibrium data from configurational-bias histogram-re- 

weighting Monte Carlo simulations are available from Potoff and Siepmann [325]. These 

authors applied newly parametrized rigid Lennard-Jones based molecular models with 

partial charges. In the parametrization of their model of carbon dioxide, Potoff and Siep- 

mann [325] included vapor-liquid equilibrium data of the binary system carbon dioxide + 

propane, whereas their model of nitrogen is parametrized on the basis of pure component 

vapor-liquid equilibrium data alone. Results from Potoff and Siepmann [325] are based 

on the Lorentz-Berthelot combining rules. 

Figures 38 and 39 show phase diagrams of the system nitrogen + carbon dioxide at 

218.15 K, 232.85 K, 253.15 K, and 270 K. Simulation results from the present work and 

from Potoff and Siepmann [325] are compared to experimental data and to results from 

the Peng-Robinson equation of state. In this work, the binary parameters of the molecular 

models and the Peng-Robinson equation of state were adjusted to data at 270 K, so that 

the present results shown in Figure 38 represent an extrapolation in temperature. 

At 218.15 K both the present molecular simulation data and the Peng-Robinson equa- 

tion of state agree very well with the experiment. Results of similar quality were obtained 

for 232.15 K and 270 K. Uncertain simulation results in the critical region of the 270 K 

isotherm show larger deviations from experiment. Predictive simulations (£ = 1) from this 

work at 218.15 K are, despite some deviations in the pressure, generally in fair agreement 

with the experimental results. The quality of these predictions is similar to the quality 

of the correlation of Potoff and Siepmann [325], cf. Figure 39. Overall, this demonstrates 

the higher accuracy of the present molecular model. The Peng-Robinson equation of state 

with adjusted binary parameter shows reasonable agreement with experimental data. 

Nitrogen + Ethane 

Knowledge on phase equilibria of this mixture is needed in the petrochemical industry. 
Similar to the systems discussed above, at temperatures and pressures where fluid phase 
equilibria exist in that mixture, pure nitrogen is always supereritical. At 200 K and 260 K 
vapor-liquid equilibria from the Extended NpT + Test Particle Method were published 
by Kronome et al. [198]. These authors applied unpolar 2CLJ models from Vrabec and 
Fischer [416] and Kriebel et al. [190], in which the unlike Lennard-Jones interactions 
were modeled with Lorentz-Berthelot combining rules with an adjusted binary interaction 
para{neter £. This mixture model is very similar to the present model. 

Figure 40 shows a comparison of simulation results from the present work and from 
Kronome et al. [198] to experimental data and to the Peng-Robinson equation of state. 
An excellent agreement between both molecular models and experiment is found. The re-
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Figure 38: Vapor-liquid equilibria of the mixture N2z + CO2. Simulation, this work: 

® m (£ adjusted), © (€=1). Peng-Robinson equation of state: 

— (kiy = —0.01493). + Experiment [181] (experimental data for the 

270 K and the 232.85 K isotherms are distinguished by symbol 
size). 
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Figure 39: Vapor-liquid equilibria of the mixture Nz + CO,. A Simulation [325] with 

Lorentz-Berthelot combining rules and pure component. parameters of CO 

adjusted to the mixture CO,+propane. Peng-Robinson equation of state: 

— (kiz = —0.01498). + Experiment [181]. 

sults from the present work at 200 K and 290 K are predictions in the sense that the 

binary parameter was adjusted to data at 260 K. The Peng-Robinson equation of state 

shows considerable deviations on the bubble line and overestimates the critical region. 

This mixture shows liquid-liquid equilibria at low temperatures [438]. It is therefore 

a good example for verifying whether the present molecular models are able to describe 

these liquid-liquid equilibria. According to the phase equilibrium conditions Equations 

(72) to (76), that also apply to liquid-liquid equilibria, the chemical potentials in the 
two lKiquid phases (superscripts “11” and “12”) must agree. Results for the configura- 

tional contributions to the chemical potentials of nitrogen and ethane obtained from NpT 

molecular dynamics simulations of both liquid phases with test particle insertion are given 
in Table 26 (the simulations were performed with 500 molecules, 200.000 time steps for 
data production, and 3,000 test particles per species). The fair agreement of the chemi- 

cal potentials in both phases shows that. the present molecular models also comprehend 
liquid-liquid equilibria. It was not within the scope of the present work to investigate 
liquid-liquid equilibria in more detail.
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Figure 40: Vapor-liquid equilibria of the mixture Nz + C2H6. @, m Simulation with 

adjusted £, this work. A Simulation |198] with Lorentz-Berthelot combining 

rules and adjusted £. Peng-Robinson equation of state: — (kij = 0.05233). 

+ Experiment (131] (experimental data for the 290 K and the 200
 K isotherms 

are distinguished by symbol size). 
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Table 26: Liquid-liquid equilibria of nitrogen (A) + ethane (B). Comparison of con- 

figurational contributions to the chemical potentials &“ = u“/(kpT) in both 

phases at experimental liquid-liquid equilibria state points [438] (pressure p, 

temperature T, mole fractions of nitrogen in both liquid phases z'} and z'?). 
The numbers in parenthesis indicate the uncertainties of the last digits. 

p T IE{ xlA2 _fifri“ _,]f4.!12 _‚ü;;n _lüi;.2 

MPa_ K _ mol/mol mol/mol 
15000 0.8 2.582 (48) 2.611(11) 10.13 (21) 10.65 (6) 

116.80 0.336 0,87 2.688 (51) 2.788 (11} 10.05 (39} 11,50 (5) 

6.2.1.2 Saturated Liquid Density, Enthalpy of Vaporization 

In Figures 41 and 42 saturated liquid densities of the five binary mixtures from molecular 

simulation are compared to data from the multiparameter equation of state available in 

the program package DDMIX provided by the NIST [86, 88] and to results from the Peng- 

Robinson equation of state. As DDMIX has been designed for accurate descriptions of 

saturated densities of mixtures, these values are used here as reference data. 

It can be seen from Figures 41 and 42, that the results from molecular simulation 
deseribe the saturated liquid densities of the studied binary mixtures reliably and in very 

good agreement with DDMIX data. As expeceted, the Peng-Robinson equation of state 

does not yield satisfactory results in most cases. 

Methods for predicting enthalpies of vaporization of mixtures are important as experi- 

mental data is often scarce. In Figures 43 and 44 residual enthalpies of vaporization from 

molecular simulation are, due to lack of experimental data, compared to data from DDMIX 

[86, 88] and to results from the Peng-Robinson equation of state. Residual enthalpies of 

vaporization were calculated as 

Ar (T,p, @, y) = (R” (T,p,y) — k# (T,y)) — (B (T,p,=) — W (T,=)). — (149) 
The data from DDMIX are considered here as a reasonable estimate for values of the 
enthalpy of vaporization. In most cases results from molecular simulation are close to the 
data from DDMIX, whereas, in some cases the Peng-Robinson equation of state produces 
larger deviations from DDMIX data. Similar results found for the mixtures nitrogen + 
Oxygen and oxygen + carbon dioxide are not shown here, they are available in [378].
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Figure 41: Top: Saturated liquid density of the mixtures N2 + O2 and C
O + 

C,H6. @ Simulation N2 + O, wi
th adjusted &, +his work, 4 Simula- 

tion CO2 + C,Hg with adjust
ed &, this work. — Peng-Robinson 

equa- 

tion of state (k = —0.00978 for Nz + Os,
 kız = 0.13008 for CO + CoHe). 

+ DDMIX [86, 88]- 
Bottom: Saturated liquid den

sity of the mixtures Na + CO3
 and Nz + C2H6. 

® Simulation Nz + CO2 with adjusted E, this work. 4& Simulation 

Nz + CoHg with adjusted &, this work. —— Peng-Robinson equati
on 

of state (kzy = —0.01493 for Na 
+ COs, kij=0-05233 for Na + C2H6). 

+ DDMIX {36, 88]. 
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Figure 42: Saturated liquid density of the mixture 02 + CO,. @ Simulation with ad- 

justed £, this work. — Peng-Robinson equation of state (k;; = —0.04838). 

+ DDMIX [86, 88]. 
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Figure 43: Enthalpy of vaporization of the mixture CO + C,Hg. @ Simulation with 

adjusted £, this work. — Peng-Robinson equation of state (k;; = 0.13008)- 
+ DDMIX [86, 88].
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Figure 44: Top: Enthalpy of vaporization of the mixture
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adjusted £, this work. — Peng-Robinson equation of state (Kky= H0.01495T). 

+ DDMIX [86, 88]. Results for 232.85 K are not shown here, they are avail- 

able in [378]. 
ı 

Bottom: Enthalpy of vaporization of the mixture N2 + CoH65. @ Simulation 

with adjusted £, this work. —— Peng-Robinson equation of state 

(kıy = 0.05233). + DDMIX [86, 88]. 
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6.2.1.3 Results from Physically Based Equations of State 

As the empirical Peng-Robinson equation of state often yields no satisfactory results as 

predietive tool, additional calculations were performed with two physically based equa- 

tions of state: the PC-SAFT [133] and the BACKONE [287, 430] equations of state. In 

contrast to the Peng-Robinson equation of state, which is a representative of the class 

of empirical cubic equations of state, the PC-SAFT and the BACKONE equations of 

state represent another approach for designing equations of state, as they are based on 

theoretical principles that account for molecular interactions, 

The PC-SAFT equation of state was developed for assocjating fluids or fluids with 

chain-like molecules, but in its original form does not model explicitly polar contributions. 

It is nevertheless often applied also for polar components and was therefore included 

in the test of the present study. As in this chapter only non-associating, quadrupolar 

components are investigated, the PC-SAFT equation of state was applied without the term 

accounting for association. In contrast, the BACKONE equation of state contains terms 

that explicitly account for polar eontributions. Both equations of state feature a single 

binary interaction parameter k;; in their mixing or combining rules, cf. Table 25. More 

detailed explanations on the structure of these equations of state and on the parameters 

employed are skipped here, they are available in the original papers for PC-SAFT [45, 46, 

133], anıd for BACKONE [287, 339, 430]. 

The PC-SAFT parameters for the four fluids nitrogen, oxygen, carbon dioxide, and 

ethane used in the present work are given in Table 27. They were determined here from an 

adjustment to the vapor-liquid equilibrium data, that was also used for the development 

of the present 2CLJQ models of these fuids, cf. Table 37. Table 27 contains also the 

BACKONE parameters, that are taken from [287]. 

Table 27: Pure component parameters for PC-SAFT and BACKONE equations of state. 

PC-SAFT: gP©, gPC. ”C BACKONE: a, po, To, and Q*?, values taken from 

[287]. 

Fluid O S a po 1 - Q 
S mol/dm? K 

N» 3.2975 89.492 1.2365 1.0471 11.133 125.74 0.487 

O2 3.1711 113.98 1.1457 1.0244 13.629 154.58 0.0 

CO2 25731 15285 25461 13919 * 10549 20128 2.181 
C2H6 3.0186 191.15 _ 1.6105 12127 6.800 305.32 _ 0.0 

In Figure 45, top, vapor-liquid equilibria of the binary mixture carbon dioxide + ethane 

from the PC-SAFT and from the BACKONE equations of state are compared to experi- 

mental data. It can be seen, that these equations of state show the same poor predictive 

qualities as the Peng-Robinson equation of state (cf. Figure 36), as they do not predict the
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Figure 45: Vapor-liquid equilibria of the mixtures CO2 + C,Hg (top) and O2 + CO
2 

(bottom) from PC-SAFT and BACKONE equations of state compared to 

experiment. PC-SAFT: — (k adjusted), —— — (kz = 9- BACKONE: 

— (kiz adjusted), -—--— (kyz =0. + Experiment: CO2 + CoH6 [181], 
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azeotrope. In the case of adjusted binary parameter kiz, both equations of state are in 

excellent agreement with experimental data. 

Vapor-liquid equilibria of the binary mixture 0xygen + carbon dioxide from the PC- 

SAFT and from the BACKONE equations of state are compared to experimental data in 

Figure 45, bottom. Prediction from the PC-SAFT equation of state is poor on the bubble 

line, whereas the BACKONE equation of state shows large deviations on the dew line, 

that remain even in the case of adjustment of the binary parameter k;;. With adjusted k;; 

the PC-SAFT equation of state yields more reliable results on the bubble line, but shows 

deviations to high pressures for near critical states. 

Also saturated liquid densities were calculated with the PC-SAFT and the BACKONE 

equations of state for the binary systems investigated in this work. As expected, for many 

cases, these equations yield clearly better agreement with DDMIX data than the Peng- 

Robinson equation of state. However, there are some systems (for example nitrogen + 

carbon dioxide) for which also these equations of state give poor results whereas the 

present molecular simulations show excellent agreement with the reference data, cf. |378]. 

These findings allow to conclude that the predictive power of the present molecular 

models is superior to the studied equations of state based on physical principles that ac- 

count for molecular interactions. With adjusted binary parameters, these equations of 

state and the present molecular models describe the vapor-liquid equilibria with compa- 

rable quality. 

6.2.2 Vapor-Liquid Equilibria of Further Binary Mixtures 

In Chapter 6.2.1 results for mixtures of nitrogen, oxygen, carbon dioxide, and ethane were 

presented. In this chapter, for further binary mixtures of unpolar or quadrupolar com- 
ponents modeled in the present work, vapor-liquid equilibria from molecular simulation 

are compared to experimental data and to results from the Peng-Robinson equation of 

state [316]. The acentric factor w, the critical temperature T., and the critical pressure 

Pe of the pure fluids needed as parameters for the Peng-Robinson equation of state were 

taken from Reid et al. [321]. The binary parameter k;; of the Peng-Robinson equation of 

state was adjusted to the same data used for the determination of the binary interaction 

parameters £ of the molecular models, cf. Table 23. 

In the case of the mixture carbon dioxide + carbon disulfide, cf. Figure 46, a consid- 
erable overestimation of the critical points is obtained from the Peng-Robinson equation 

of state. This overestimation is mainly due to the poor deseription of the bubble line by 

the Peng-Robinson equation of state. An essentially better deseription of the bubble line 
is obtained from molecular simulation. Analogous results were found for the mixtures 

nitrogen + ethane and oxygen + carbon dioxide, cf, Chapter 6.2.1.1, and for the mixture 

nitrogen + propylene, cf. Chapter 6.3.1. 

In analogy to the mixture carbon dioxide + ethane, Figure 47 shows, that molecular 

simulation predicts correctly the azeotropic behavior of the mixture ethyne + ethane from
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Figure 46: Vapor-liquid equilibria of the mixture CO2 + CS2. ® Simulation with ad- 
justed £, this work. — Peng-Robinson equation of state (k;; = -0.00227). 
+ Experiment  [330]. 

pure data alone, i.e. with £ = 1, whereas the Peng-Robinson equation of state fails in bredicetion and only yields correct deseription of the vapor-liquid equilibria of this mixture 
when the binary parameter k;; is adjusted, 

Figure 48 shows, that molecular simulation yields a more reliable description of the 
äzeotropic behavior of the mixture perfluoroethane + carbon dioxide than the Peng- 
Robinson equation of state, which is worse even when its binary parameter k;; is adjusted. 
The Scattering of the equilibrium pressure from molecular simulation is due to the un- 
Certain determination of the configurational part of the chemical potential from the test 
Particle insertion method, when large size differences of the molecules occur, as it is the 
Case here. 

Even stronger scattering of the equilibrium pressure and also of the vapor phase compo- Sition from molecular simulation was observed in the case of the mixture perfluoroethane + 
xenon. The simulation results are not shown here, the binary interaction parameter £ could 

hot be adjusted, ef. [378]. Compared to the mixture perfluoroethane + carbon dioxide, 
the size difference between perfluoroethane molecules and xenon atoms is even larger, 

Which may have caused this behavior. For the mixtures perfluoroethane + carbon dioxide 
and perfluoroethane + xenon supposedly better results would be obtained if the graxi_ußl 
insertion method instead of the test particle insertion method was used for the calculation 
of the configurational part of the chemical potential and the partial molar volume neec?ed 

for the Grand Equilibrium method. No simulations of this mixture were performed with 
the gradual insertion method, as this method was extended to simulations of mixtures 0n- 
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Figure 47: Vapor-liquid equilibria of the mixture C,Hz + CoHe. Simulation, this 
work: ® (£ adjusted), © (£=1). Peng-Robinson equation of state: 

— (kiz = 0.15579), — — — (kij =0). + Experiment [259]. 
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ly in the final phase of the present, work. 

Results for the mixtures ethene + ethyne and ethene + ethane are shown in Figures 49 

and 50, top. Both the Peng-Robinson equation of state and molecular simulation describe 

the azeotrope of the mixture ethene + ethyne. The equilibrium pressures of the mixture 

ethene + ethane from molecular simulation are somewhat too low, but the vapor phase 

compositions are described correctly. The models of these two mixtures and the model of 

the mixture ethyne + ethane, ecf. Figure 47, are used in Chapter 6.5 for the predietion of 

vapor-liquid equilibria of the ternary mixture ethane + ethene + ethyne. 

/ MP:; 
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Figure 49: Top: Vapor-liquid equilibria of the mixture CgH4 + C,Hs. ® Simulation with 

adjusted £, this work. — Peng-Robinson equation of state (k;; = 0.06383). 
+ Experiment |152]. 

Further results are shown in Figures 50, bottom, and 51 for the mixtures nitrogen + 

ethene, methane + ethene, and carbon dioxide + chlorine, where the latter mixture 1s 

particularly interesting, as it is the only mixture containing chlorine modeled in the present 

work. Except for the overestimation of the critical point of the mixture nitrogen + ethene, 
the Peng-Robinson equation of state deseribes the vapor-liquid equilibria of these mixtures 

with good accuracy. Also results from molecular simulation agree well with experimelltéil 

data within the simulation uncertainties.
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Bottom: Vapor-liquid equilibria of the mixture N2 + 02H4-' ® Simula- 

tion with adjusted &, this work. — Peng-Robinson equation of state 

(kı; = 0.0646). + Experiment [131]. 
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Figure 51: Top: Vapor-liquid equilibria of the mixture CH4 + CoH4. @ Simulation with 

adjusted £, this work. —— Peng-Robinson equation of state (kız = 0.0343)- 
+ Experiment [346]. 

Bottom: Vapor-liquid equilibria of the mixture CO, + Cl,. @ Simulation with 
adjusted £, this work. — Peng-Robinson equation of state (k;; = 0.0932)- 
+ Experiment [173].
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6.3 Binary Mixtures Containing Multipolar Components 
It is shown in the present chapter, that the simple modeling approach for mixtures de- 
scribed in Chapter 61 yields also quantitative description of vapor-liquid equilibria and 
saturated liquid and vapor densities in the case of binary mixtures containing müultipolar 
components. Only one work on such mixtures (R22 + R142b and R22 + R152a) based 
on molecular simulation is available in literature [119], wherein unpolar Lennard-Jones 
potentials with temperature dependent energy and size parameters were used. 

Present simulation results are com pared to experimental vapor-liquid equilibrium data, 
to results from the multiparameter equation of state from the program package DDMIX 
provided by the NIST [86, 88], and to results from the Peng-Robinson equation of state 
[316]. The acentric factor w, the critical temperature 7., and the critical pressure p, of 
the pure Auids necded for the Peng-Robinson equation of state were taken from Reid et 
al. [321]. The binary parameter k;; of the Peng-Robinson equation of state was adjusted 
to the same data used for the determination of the binary interaction parameter £ of the 
molecular models, ef. Tables 24 and 28. 

6.3.1 Vapor-Liquid Equilibria 

Results for vapor-liquid equilibria of four binary mixtures carbon monoxide + carbon di0xide/(‘thanr'_/Ilit1'üguh /methane are shown in F igures 52 to 55 for wide temperature Tanges. These figures demonstrate the excellent Predietiye qualıs oi T her sn SS independent molecular models, as for all four mixtures molecular simulation data is in very 
800d agreement with experimental data over a wide temperature range. It is particularly interesting, that, the bresent modeling approach yields excellent results for the mixture carbon monoxide + ethane, despite the comparably high polarizability a = 4.4 - 107° cm* [132] of the ethane molecule. 

In analogy to results for some mixtures B ET “Ompönent, the Peng-Robinson equation of state overestimates the critical points of the 
Mixtures carbon monoxide + carbon dioxide and carbon monoxide + ethane, cf. Figures 52 and 53. At high temperatures, results for the mixture nitrogen + carbon monoxide 
from the Peng-Robinson equation of state, become inaccurate, cf. Figure 54, In contrast, 
Yapor-liquid equilibria of the mixture methane + carbon monoxide, cf. Figurfi D the Peng-Robinson equation of state are in excellent agreement with experfmenta„l fia?ta. 
MEl 6as ©8, molecular simulation yields reliable results on all isotherms also in the critical 
Tegion, 

iqui Very sat, isfactory results are also obtained from molecular simulation for vap.ur-!lcmid 

equilibria of three mixtures containing the refrigerants R22 and R23: carbon d_mx1d9 E R22 and carbon dioxide + R23, ef. Figure 56, and carbon disulfide + R22, ef. Figure 57. 

Similar to the mixture carbon monoxide + ethane, the mixture carbon disulfide + R22 un- 



134 6 MOLECULAR MODELS OF MIXTURES 

0 - . - z , 
0,0 0,2 0,4 0,6 0,8 1,0 

Xco / mol mol”' 

15 

p/MPa 

129 

243,15 K 

0,0 0,2 0,4 06 0,8 

Xco / mol mol”' 

Figure 52: Vapor-liquid equilibria of the mixture CO + CO,. ®, m Simulation with ad- 
Justed £, this work. — Peng-Robinson equation of state (kız = 0.03411). 
+ Experiment [53].
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Figure 53: Vapor-liquid equilibria of the mixture CO + CoHg. @, m Simulation with 

adjusted £, this work. — Peng-Robinson equation of state (kız =
 0.01981). 

+ Experiment (395]. 



136 6 MOLECULAR MODELS OF MIXTURES 

2,0 
E 

—+ p/MPa An 
+ 115K 

15+ 

1,0 + 

100 K 

M' 0,5 * ; ; ; . 
0,0 0,2 0.4 0,6 0,8 1,0 

Xn / mol mol”* 

0.20 4 ++3 
P/MPa 

a} 83,82K 
E 

0,10 4 

0,05 + 70K 
A L e L W 

1D-—-=i=lä%_‘__i‘% v G Vn 

0,00 - - - 7 
0,0 0,2 0,4 06 0,8 1,0 

X,/ mol mol” 

Figure 54: Vapor-liquid equilibria. of the mixture N2 + CO. @ Simulation with ad- 
justed £, this work. — Peng-Robinson equation of state (k;; = 0.02835). 
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Figure 55: Vapor-liquid equilibria of the mixture CH4 + CO. @ Simulation with ad- Justed £, this work. — Peng-Robinson equation of state (kz = 0.02550). + Experiment [54]. 

derlines the excellent berformance of £he present. modeling approach, as the GE 
Molecule carbon disulfide is even more polarizahle (a = 8 - 107° cm*) than th? V 
Molecule, and the dipole momentum of R22 (in gas phase u 1.46 D C tially higher than that. of carbon monoxide (in gas phase u = 01 D [132]). Also r%l%lts 
from the Peng-Robinson equation of state for these three mixtures agree excellently with ©Xperimental data. 

Results for the four Tefrigerant mixtures R125 + R134a, R143a + Rl34_a‚ R143a + 41626 and R125 4 Rl48a are s Pigures 58 to 60. The Peng-Robinson equa- tion of state deseribes these vapor-HÄquid equilibria with excellent accuracy, except f(.)r 
high temperature isotherms of the azeotropic mixture R125 + R143a, whe'r Sa 
deviations occur. Results from molecular simulation agree well with ea'Pe”ment‚a_l djata‚ the Yapor phase compositions are described withk excellent accuracy. The eqmllbn_ucä Pressures from molecular simulation scatter as the configurational p _arts_of th-e E h 
Potentials were obtained with rather large uncertainties from test p.a.rt'tcle C ä"-‘ :1 f 
Case of the mixture R125 + R134a, ef. Figure 58, systematic deviations occur at hig! ‘; 
Temperatures. The molecular models of the mixtures R125 + R13‘“f" R.125 +- I-:;‚ll'133.f?;e 
R143a + R134a are used in Chapter 6.5 for the prediction of vapor-liquid equilibria o Vernary mixture R125 + R143a + R134a. 
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Figure 56: Top: Vapor-liquid equilibria of thıe mixture CO‚ + R22. @ Simulation with adjusted £, this work. — Peng-Robinson equation of state (ki; = —0.00676). + Experiment. (336]. 
Bottom: Vapor-liquid equilibria of the mixture CO2 + R23. @ Simula- tion with adjusted £, this ‚wörk.. . —— Peng-Robinson equation of state (kız =0.01146). + Experiment [336]. 
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Figure 57: Vapor-liquid equilibria of the mixture CS2 + R22. ®, m Simulation with ad- 
justed £, this work. — Peng-Robinson equation of state (k;; = 0.09), no con- 

vergence was achieved at 373.15 K, 423.15 K, 473.15 K.
 + Experiment [336].
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Figure 60: Vapor-liquid equilibria of the mixture R125 + R143a. @, @ı Simulation with 

adjusted £, this work. — Peng-Robinson equation of state (k;; = —0.04824) 

at 243.15 K, 263.15 K, 283.15 K, 303.09 K, 323.12 K. Experimental data at 

the indicated temperatures: + [291], A [7]. (Dew and bubble lines are hardly 

distinguishable.) 

Finally, binary mixtures containing propylene are discussed. As stated in Table 9 

and discussed in Appendix G, the sign of the model quadrupole of propylene is not yet 
specified. Therefore, it. was attempted to determine the sign of the model quadrupole 

of propylene empirically using the prediction of vapor-liquid equilibria of mixtures as a 

criterion. For that purpose the binary interaction parameter £ was adjusted for both signs 

of the model quadrupole of propylene. Table 28 shows, that the adjustment worked sur- 

prisingly well for all mixtures containing propylene, yielding very similar values of £. From 

this finding it may be concluded, that the sign of the model quadrupole has practically no 

influence on the description of macroscopic thermodynamic properties of these mixtures. 

Similar results may be expected for other fluids with undetermined quadrupole sign listed 

in Table 9. Due to the lack of other experimental data, this study was resctricted to 

propylene. 

Results for the mixtures nitrogen + propylene, ethane + propylene, and carbon diox- 

ide + propylene are shown in Figures 61 and 62. Results for the mixture ethylene + 

propylene are not shown here as only a narrow experimental data base is available in the 

literature. Figures 61 and 62 show, that molecular simulations with positive and negative 

model quadrupole momentum for propylene perform equally well, also for isotherms far 

away from the state point chosen for the adjustment. of £. These results support the
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Table 28: Binary interaction parameter £ for mixtures containing propylene (P). Exper- 
imental data point (exp) used for the adjustment of £ and result for that data 
point from simulation (sim) with adjusted £. Superscript signs indicate signs 
of the model quadrupoles. 

Mixture (1+2) £ T T1exp Pexp Psim Yı,exp Yızım . Ref. 
7 K _ _ mol/mol MPa_ _ MPa_mol/mol mol/mol 

N + P- 0.959 26000 0220 1419 117 0.879 0.898  [131) 
N + P+ 0.958 12.4 0.879 0.879 

01 + P“ 0.915 27315 0.539 242 24 p.821 0.821 [289) 
CO2 + P* D.920 2.35 0.821 0.826 

CaHg + P- 1.015 277.59 0.568 17 0.775 0.785 [348] 
C2Hg6 + P* 1.019 172 0.775 0.785 

CM4 + P- 1.021 258.15 0.74 S n.a, 0.952 [144] 
CoHy + P* 1.018 2.18 n.a. 0.954 

negligible role of the sign of the model quadrupole on the description of vapor-liquid 
equilibria, Without, discussion of the question of the sign of the model quadrupole, similar favorable results were published recentiy for the mixture ethane + propylene at 277.59 K 
(42]. 

Similar to the results for the mixtures nitrogen + ethane and oxygen + carbon dioxide, 
cf. Chapter 6.2.1.1, and carbon dioxide + carbon disulfide, cf. Chapter 6.2.2, a cansider- 
able overestimation of the eritical points is obtained from the Peng-Robinson equation of 
State in the case of the mixture nitrogen + propylene, cf. Figure 61. In contrast, in the 
tase of the mixtüres ethafle-& propylene and carbon dioxide + propylene, ef. Figure 62, 
results from the Peng-Robinson equation of state are in very good agreement with exper- 

imental data. 
It should be pointed out, that the excellent performance of the 2CLJQ model of propy- 
E applied to the modeling of mixtures was not presumed in view of the angular 
$hape of the real molecule. However, it seems that this angular shape makes the molecule 
Sufficiently compaet for 2CLJ-based modeling. After all, this case tea*_°3h‘fi _that molecnlar 
models of Auids must proof their performance in the application to Auid mixtures. f tPE)’ 
work therein, this is a good hint that the pure fluid model is built on a reasonable physical 

basis. 

6.3.2 _ Saturated Densities 

For the mixtures carbon monoxide + carbon dioxide, carbon monoxide T el';hanf:‘ la- ® TE üla methane + carbon monoxide saturated liquid and vapor densities from molecular sım 

and
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Figure 61: Vapor-liquid equilibria of the mixture Nz + propylene. Simulation with ad- 

justed £, this work: ® same quadrupole signs, Il opposite quadrupole signs. 
— Peng-Robinson equation of state (k;; = 0.08844). + Experiment [131].
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Figure 62: Top: Vapor-liquid equilibria of the 
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tion were compared to data from the multiparameter equation of state available in the 

program package DDMIX provided by the NIST [86, 88], and to results from the Peng- 

Robinson equation of state, The data from DDMIX are taken here as reference data. 

Results for saturated liquid and vapor densities are shown, as the quantitative description 

of these properties by effective, non-polarizable models underlines the predictive qualities 

of this simple model type also in the case of mixtures with dipolar components, 

As can be seen in Figures 63, 64, and 65, saturated liquid densities from molecular 

simulation are in good agreement with data from DDMIX. Larger deviations occur in 

the critical region of the isotherms. Saturated Jiquid densities from the Peng-Robinson 

equation of state are not satisfactory for the mixtures carbon monoxide + carbon dioxide 

and carbon monoxide + ethane, but are in very good agreement. with DDMIX data in 

the case of methane + carbon monoxide. Recalling Figure 55, this shows an excellent 

performance of the Peng-Robinson equation of state for this mixture. Saturated vapor 

densities from molecular simulation also agree well with DDMIX data. For the mixtures 

carbon monoxide + carbon dioxide and carbon monoxide + ethane only one isotherm for 

the saturated vapor densities is shown, as values for other temperatures are very similar. 

Similar results, not shown here, were obtained for the mixture carbon monoxide + 

nitrogen, 

6.4 Binary Mixture Carbon Dioxide + Methanol 

Thermophysical properties of this mixture are important for technical applications like 

coal gasification, C, chemistry, or methanol producing processes. Furthermore, it is a 

demanding mixture for verifying thermodynamic modeling approaches. 

Vapor-liquid equilibria of this mixture from molecular simulation were published by 

Lisal et al. [228], who used the Lennard-Jones based OPLS model of methanol [163] and 
the Lennard-Jones based EPM2 model of carbon dioxide [143] for their reaction Gibbs 

ensemble Monte Carlo simulations, and by Potoff et al. [323], who performed grand 

canonical histogram-reweighting Monte Carlo simulations using molecular models based 

on the exponential-6 potential. All those models are non-polarizable and have fixed point 

charges. They yield good agreement with experimental vapor-liquid equilibrium data. 

In the present work, the non-polarizable model Mopı of methanol, cf. Chapter 5.2, 

and the simple, non-polarizable 2CLIQ model of carbon dioxide, cf, Table 8, were used 
for the calculation of vapor-liquid equilibria of this mixture. To the knowledge of the 

author the interaction of point charges and point quadrupoles was not yet investigated by 

molecular simulation methods. The vapor-liquid equilibria were obtained from the Grand 

Equilibrium method based on the gradual insertion method, ef. Appendix C.5 for techni- 

cal details. These simulations are an important consistent extension of the modeling and 

simulation approach discussed in the previous chapters to mixtures containing associating 

components. The application of the gradual insertion method yielded the configurational
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Figure 63: Saturated liquid density (top) and saturated vapor density (bottom) of the 

mixture CO + CO,. @ Simulation with adjusted £, this work. — Peng- 

Robinson equation of state (k;; = 0.03411). + DDMIX [36, 88]. 
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mixture CO + C,He. @® Simulation with adjusted £, this work. — Peng- 
Robinson equation of state (k;; = 0.01981). + DDMIX [86, 88].
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part of the chemical potentials and the partial molar volumes of both components in the 

liquid phase with low statistical uncertainties. The binary interaction parameter £ = 1.124 

was adjusted to p = 4.75 MPa, zco, = 0.2368 mol mol”*, yco, = 0.98 mol mol”' on the 

isotherm T' = 323.15 K. 

Figures 66 and 67 show, that on all isotherms the bubble line from the Peng-Robinson 
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Figure 66: Vapor-liquid equilibria of the mixture carbon dioxide + methanol. 
® Simulation with adjusted £, this work. — Peng-Robinson equation of 

state (k;; = 0.04497). + Experiment [31]. 
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equation of state deviates from the experimental bubble line, whereas the present simula- 
tion results are in excellent agreement with experimental data. Also the saturated liquid 
densities are deseribed with very good accuracy by molecular simulation, cf. Table 29. 
Saturated vapor densities from simulation are in the range of experimental values, though 
somewhat larger deviations occur at 323.15 K. 

These encouraging results give reason to extend this approach to further mixtures 
containing hydrogen bonding components, like methanol + nitrogen /carbon monoxide, or 
methanol + water, which, however, was out of the scope of the present work. 

0,0 02 0,4 0,6 0,8 1,0 

Xco:/ mol mol” 

Figure 67: Vapor-liquid equilibria of the mixture carbon dioxide + methanol. 

® Simulation with adjusted €, this work. —— Peng-Robinsomn equation of 

state (k;; = 0.04497). + Experiment (31]. 

Table 29: Comparison of saturated densities of the mixture carbon dioxide + methanol 

from experiment [31] to results from molecular simulation and from the Peng- 

Robinson equation of stäte (kıy = 0.04497). 

7 r 

T CO o 
K _ mol/ mol mol/1 _ mol/l 

24.36 n.A. 298.15 0.1214 exp- 
sim. 24.36 0.738 

PREOS 2460 0.691
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Table 29: continued. 

T ZCO, ' p“ 
K _ mol/mol mol/1 mol/l 

298.15 0.2289 exp. 24.18 n.a. 

sim. 24.01 1.441 

PREOS 2432 1.300 

0.3642 exp. 23.60 n.a. 

sim. 23.62 2.424 

PREOS 23.92 2.013 

323.15 0.1197 exP. 23.54 n.a. 

sim. 23.51 1.025 

PREOS 23.58 1.162 

0.2368 exPD. 23,31 2.a. 

sim. 23.16 2.320 

PREOS 23.18 2.494 

0.4344 exp. 22.05 4.,57 — 6.83 

sim. 22.03 4.236 

PREOS 2232 5.435 

373.15 0.1185 exp-. 21.61 z 5.1 

sim. 21.72 1.737 

PREOS 21.30 2.238 

0.2456 exp. 20.53 51 

sim. 20.91 3.524 

PREOS 20.58 5.227 

6.5 Ternary Mixtures 

In the present work, pairwise additive interaction potentials are used for the modeling 

of molecular interactions, therefore ternary interaction parameters cannot be introduced, 

Hence, the molecular models developed on the basis of binary data can straightforwardly 

be applied without any alterations to predict vapor-liquid equilibria of ternary and mul- 

ticomponent mixtures. 

Vapor-liquid equilibria of five ternary systems containing unpolar, dipolar, or qua- 

drupolar fluids were studied by the means of the Grand Equilibrium method: nitrogen 

+ oxygen + carbon dioxide, nitrogen + carbon dioxide + ethane, ethane + ethene + 

ethyne, carbon monoxide + methane + carbon dioxide, R125 + R143a + R134a. Results 

from ımolecular simulation are compared to experimental data and to results from the 

Peng-Robinson equation of state. 

Technical details of these simulations of ternary mixtures are given in Appendix C.4. 

Nitrogen + Orygen + Carbon Dioxide 

Knowledge on vapor-liquid equilibria of this ternary mixture is needed in the food 

processing and brewing industry. In Figure 68, top, the mole fractions on the bubble
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and on the dew lines are given at 232.85 K and 12.4 MPa. Preclietions from moölecular 
simulation are in excellent agreement with the experimental vapor-liquid equilibrium data. 
The Peng-Robinson equation of state yields good results for the dew line but shows clear 
deviations on the bubble line, which are due to shortcomings of the models for the binary 
systems. Similar results were obtained for 232.85 K and 5.17 MPa, ef. Figure 68, bottom, 
where vapor-liquid equilibria from simulation are compared to experimental] data. 

Nitrogen + Carbon Dioride + Ethane 

Results for the system nitrogen + carbon dioxide + ethane are shown in Figure 69. 
This system shows a strong curvature of the dew line which is predicted quantitatively 
both by molecular simulation and the Peng-Robinson equation of state. Slight deviations 
in the molecular simulation results for the dew line are due to similar deviations in the 
binary systems nitrogen + carbon dioxide and nitrogen + ethane, cf. Figures 38 and 40. 

Carbon. Dioride + Methane + Carbon Monoride 

This mixture is deseribed on the basis of a quadrupolar, an unpolar, and a dipolar 
2CLJ-based model. As can be seen from F igure 70, the accuracy of the results on the dew 
line is somewhat lower than for the previous three ternary mixtures of quadrupolar com- 
ponents. Overall, predictions from molecular simulation still agree well with experimental 
data, whereas results from the Peng-Robinson equation of state show large deviations on 
the bubble line. 

Ethane + Ethene + Ethyne 

The present molecular models for the binary mixtures ethane - etkene, Cihahe T ethyne, and ethene + ethyne were used for the predietion of vapor-liquid equilibria O ternary mixture ethane + ethene + ethyne, cf. Kigure 71 The predickona Don m019(_"'11h'“' Simulation are in excellent agreement. with experimental data, whereas phase equilibria from the Peng-Robinson equation of state show deviations. 

R125 + R1430 + R134a 

Experimental data for this ternary refrigerant biend are ümaılahle OE 048 Ma SE Sitions at. various temperature and pressure states [180, 291]. The resultis B simulation for this mixture of dipolar components are therefore listed in Tables 30 and 31, together with the experimental data. Over a wide termnperature range the results-fi'o_lflll Miol6ular sinmalatish ar very good agreement. with experimental data for both liqui 

OMpositions. Trustworthy results for other liquid phase comp °Sition.s m'a SE from this molecular model and can be interesting for engineering applications. 
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Xx / mol mol” 

Figure 68: Vapor-liquid equilibria of the mixture Na + 02 + CO, at T=232.85K, 

P =12.4 MPa (top) and T = 232.85 K, p =5.17 MPa (bottom). ® Simula- 
tion with £ for binary subsystems adjusted, this work. — Peng-Robinson 
equation of state with k;y for binary subsystems adjusted. + Experiment 

[445]. 
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Figure 69:; Vapor-liquid equilibria of the mixture N2z + CO2 + CzHe at T =220 K, | 

P = 4 MPa (top), and T = 270 K, p= 6 MPa (bottom). @ Simulation with ] 

£ for binary subsystems adjusted, this work. — Peng-Robinson equation of | ‘ 
state with k;; for binary subsystems adjusted. + Experiment [29].
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Sn VE : a 

Xco2 / mol mol” 

Figure 70: Vapor-liquid equilibria of the ternary mixture CO2 + CHy + CO 

at T=223.15K and p=6.682 MPa (top) and T=243.15K and 
P =6.899 MPa (bottom). @ Simulation with £ for binary subsystems ad- 

justed, this work. — Peng-Robinson equation of state with k;; for binary 
subsystems adjusted. + Experiment [53]. 
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Figure 71: Vapor-liquid equilibria of the ternary mixture C,Hg + CoHy + C,H3 at 
T =277.79 K and p=3.547 MPa. @ Simulation with £ for binary subsys- 
t(-‘ms adjusted, this work. — Peng-Robinson equation of state with ki; for 
binary subsystems adjusted. + Experiment [259]. 

able 30: Vapor-liquid equilibria of the mixture R125 + R143a + R134a. Compari- 
son _ of present simulation results (with € for binary subsystems adjusted) to 
experiment [180]. 

I ® 
K CR125 TR143a TR134a P Yrı25 YrRı43a — YRı34a 
T mol/mol _ mol/mol mol/mol MPa mol/mol mol/mol mol/mol 

; 0.3299 0.3262 0.3439  1.1919 «&xp. 0.3909 03599 02492 
- sim. 0.389 0.366 0.246 

8.474 0.3235 0.3267 0.3498 1.7860 exp. 0.3777 0.3514 0.2709 
sim. 0.373 0.358 0.270 

3 P 34.114 0.3197 0.3229 0.3574 2.5366 exp. 0.3602 0,3431 0.2967 

sim. 0.361 0.342 0.297 

344,527 0.3163 0.3221 0.3616 3.1546 exp. 0.3474 0.3353 0.3173 

sim.  0.344 0.350 0.310 



158 6 MOLECULAR MODELS OF MIXTURES 

Table 31: Vapor-liquid equilibria of£ the mixture R125 + R143a + R134a. Compari- 

son of present simulation results (with £ for binary subsystems adjusted) to 

experiment [291]. 

D XR125 TR143a TR134a P YRı25 YR143a Yrı34a 
K mol/mol _ mol/mol _ mol/mol _ MPa mol/mol mol/mol mol/mol 

204.557 0.1716 0.1647 0.6637 0.01675 exp. 0.3276 0.3109 0.3615 

Sim. 0.352 0.235 0.413 

223.286 0.1713 0.1643 0.6644 0.05019 exp. 0.3100 0.2826 0.4074 

Sim. 0.314 0.252 0.434 

263.988 0.1690 0.1623 0.6687 0.29685 exp. 0.2720 0.2381 0.4899 

sim. 0.270 0.236 0.494 

303.158 0.1658 0.1603 0.6739 1.0041 exp. 0.2379 0.2087 0.5534 

sim. 0.233 0.217 0.550 

343.288 0.1601 0.1569 0.6830 2.6110 exp. 0.2031 0.1842 0.6127 

sim. 0.193 0.186 0.622 
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7 Summary 

In the present, work quantitative molecular models of pure fluids and mixtures were de- veloped, that can directly be applied to the calculation of thermophysical properties for 
chemical engineering tasks. 

Effective molecular models based on the four-parameter 2CLJQ or 2CLJD model type 
for 78 real low-molecular fluids are presented, They include quadrupolar fluids, like nitro- gen, oxygen, carbon dioxide, halogens, or ethane, as well as multipolar fluids, like carbon 

€ or alternative refrigerants. The present 2CLIQ/2CLJD modeling approach for rea]l pure fluids is broader than any previous work on molecular modeling of pure fAu- jds, Exeept for some test cases, only Auids were studied, for whieh tlıe 2CLIQ/2CLID 
model allows simple but still Physically meaningful modeling of the molecular interactions of these real fluids. The 2CLJQ/2CLJD models were designed for accurate description of the vapor-liquid equilibria of the pure fluids by adjusting their model parameters to experimental data of eritical temperature, saturated liquid density, and vapor pressure, They deseribe the saturated liquid densities with an accuracy of 0.5 % compared to exper- 
imental data, which is essentially better than results from conventional cubie equations 
of state. The vapor pressure is described with an accuracy of typically 3 %. Somewhat 

’lations of the vapor pressure occur in cases, for which tlıe 2CLIQ/2CLJID 

IMONOXId 

Jarger mean dev 

modeling approach is too simplistie, for example for the refrigerant R32, or for other 
Strongly asymmetric refrigerant molecules. For improvement, such fuids should rather be 
modeled individually and more elaborately. The models deseribe the enthalpy of vaporiza- 
tion with an accuracy typically better than 3 %, and they yield quantitative prediction of 
thermophysical Pproperties also in the homogeneous fluid stäte far away from vapor-liquid 
quilibria. For the fluids studied here, the information on the thermophysical behavior of 
the pure fluid contained in vapor-liquid equilibrium data is suflicient for developing eflec- 
live molecular models, which yield reliable predietive performance for the entire range of 
fluid states. 

The rapid development. of a large number of 2CLJQ/2CLJD madels was possible, as 
in the present work a new method was applied, that is particnlarly well adapted to the 
Parametrization of molecular models with a low number of adjustable model pa„r{1mete.rs. 
The vapor liquid equilibria of the 2CLJQ/2CLJD model Auids were comprehensively in- 
vestigated with the NpT' + Test Particle Method, and on the basis of this molecular 
Simulation data empirical correlations of the eritical temperature, the saturated liquid 
density and the vapor pressure of the 2CLJQ/2CLJD model fluids were developedi These 
Correlations were used for the parametrization of the 2CLJQ/2CLJD models by fitting the 

Mode] parameters to experimental data. This systematic modeling approach ME m‘ä;° 
efficient than äadjusting the 2CLJQ and 2CLJD model parameters for each real Auid indi- 
Vidually. With this method, the final step in the development of quantitative molec1_1.lar 
Models was not more difficult than the adjustment of parameters of phenomenological 
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thermodynamic models. 

The generalization of this optimization method to three or more adjustable model pa- 

rameters is possible, but its efficiency becomes questionable for such cases. In this work, 

molecular models of ethylene oxide and methanol with three adjustable model parame- 

ters were optimized by another optimization method based on least squares minimization. 

Vapor-liquid equilibria of methanol, that were required for that optimization, were ob- 

tained from the NpT+Test Particle Method based on chemical potentials obtained from 

the gradual insertion method. This leads to results which are distinct1y more accurate 

than those previously reported in literature. 

The accuracy and the compatibility of the present molecular models with physically 

meaningful model parameters opens the route to applying them directly to the modeling of 

interactions of unlike molecules in real Auid mixtures. In the present work, 45 unlike inter- 

actions of unpolar, dipolar, or quadrupolar mixture components were uniform]y modeled, 

which is the broadest systematic application of molecular simulation to the calculation of 

thermophysical properties of mixtures in literature. Modified Lorentz-Berthelot combin- 

ing rules with an adjustable binary interaction parameter in the energetic term were used 

to describe the unlike Lennard-Jones interaction parameters. For enhanced quantitative 

description of vapor-liquid equilibria of mixtures, an efficient procedure was applied for 

the adjustment of the binary interaction parameter to a single experimental equilibrium 

pressure of the modeled mixture. 

It was shown, that the present molecular models predict, without adjusted binary 

interaction parameter, vapor-liquid equilibria of mixtures more reliably than the Peng- 

Robinson equation of state. For instance, azeotropes were predieted by the molecular 

models, but not by the Peng-Robinson equation of state. With adjusted binary parame- 

ters, quantitative description of vapor-liquid equilibria of mixtures was obtained from the 

molecular models. 

The present modeling approach with effective, non-polarizable molecular models held 

also for real mixtures of dipolar and strongly polarizable components. 

The excellent. performance of the present molecular models of unlike interactions was 

verified by the quantitative predietion of vapor-liquid equilibria of five ternary mixtures 

from molecular simulation. 

The results of the present work show, that molecular modeling and simulation of real 

fAuids and mixtures on the basis of relatively simple, but physically reasonable and care- 

fully parametrized molecular models allows the quantitative predietion of thermophysical 

properties. These results underline, that molecular modeling and simulation methods of- 
fer a high potential for broader application. Future work should extend the present study 
to more complex Auids, in particular hydrogen bonding fluids, and larger molecules, for 

which the explieit modeling of internal degrees of freedom is indispensable. It should be 

verified, whether the present simple, effective, united-atom based modeling approach is 
still valid for those fluids. In the case of complex Auids, the NpT+Test Particle Method
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based on gradual insertion is an excellent tool for the fine-tuning of model parameters. 

Quantum chemical calculations should help to specify the parameters of molecular models 

of complex fluids. 

Many of the molecular models developed in the present work were already successfully 

applied to the quantitative prediction of further thermophysical properties, that are im- 

portant for applications in process industry, like surface tensions and Henry’s constants 

[414], or transport properties like diffusion coefficients [103, 104], viscosities, and thermal 

conductivities |105]. Also Joule-Thomson inversion curves are predicted quantitatively 
[419]. Usually, the description of these properties requires more than one classical model, 

This shows the excellent extrapolative quality of the present molecular models, and under- 

lines, that “molecular simulation presents the advantage of providing a unified theoretical 

framework for the prediction of equilibrium and transport properties” ]397]. 
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Appendix A Forces, Torques, and Long-Range Cor- 

rections 

Expressions for the intermolecular forces and torques, as well as expressions for the long- 

range corrections of the internal energy and the virial are given for m-component mixtures 

of multicenter Lennard-Jones fluids with linear point quadrupoles and point dipoles, ef, 

Appendices A.l, A.2, A.3 and A.5. In the case of model fluids with point charges, the 

expressions are given for a pure fluid or for a binary mixture only, cef. Appendices A.4 and 

A.G. 

For the calculation of the configurational part of the chemical potential (and the par- 

tial molar volume), long-range corrections for the interaction energy ; of the inserted 

molecule z of component a with all other molecules 

m N 

Yı S (150) 
dz1 j=1 

are given. Equation (150) contains contributions from Lennard-Jones and from electro- 

static interactions. 

All expressions are given for non-spherical molecules, i.e. a”-components as defined in 

Chapter 2.2. Orientational averaging disappears for spherical molecules. 

A.l1l Lennard-Jones Interaction 

A.1l.1 Forces and Torques 

The Lennard-Jones interactions of two multicenter Lennard-Jones molecules £ of type a 

and j of type b in a m-component mixture are considered. Each Lennard-Jones site s on 
molecule } interacts with cach Lennard-Jones site k on molecule j, i.e. a total of s-k 

Lennard-Jones interactions between these molecules have to be evaluated. Let r; and 7; 

be the position vectors of the centers of mass of these molecules, and Ar;, and Arz, the 
vectors pointing from the centers of mass to the site locations. Then r;; =7i-r;% 
the center of mass distance vector, 7;4 = 7; + Arı and 7;x = r; + Ar are the position 
vectors of the sites, and Tisjk = Tis — Tjk = Tisjk ” Eisjr IS the site-site distance vector, 

wherein 7ar = |Fisjp| and Eisjk = Tisjk/Tisje- With these definitions, the force on the 
Lennard-Jones site s on molecule £ due to the Lennard-Jones site & on molecule j is 

LJab LJab 
FLIab _ _öu:'sjk (Tisje) — Ör (Tisjk) ä (151) 

isjk 6"':'s;‚k B'i"{_;j{: isjkı 

that evaluates with the Lennard-Jones potential function 

12 6 .ab ab 
LJab Tisik Tisj 

uiaj‘}.- (7'e'sjk) =4€?_%;{ (—-—-”‘T ) : ( 1—!Jk) (152) 

Tisjk Tisjk
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as 

12 6 D4 ab 0‚|_?b Üab 
LJob _ “* isjk |, isjk isik Fijk = — Z S “ Eigjk- (153) Tisjk Tisjk Tisjk 

This force causes a torque on molecule £ with respect to its center of mass 

LJab __ LJab Tije = Arı X F (134) 

The force on site k on molecule j due to site s on molecule z is 

JrLJba _ _ rrLJab 
(155) jkis > Agr 

and the torque on molecule j with respect to its center of mass is 

LJbe LJba _ „ LJab Tjkis 5 Arjs X Firis 7 Tiak- (156) 
In isotropic, homogencous media the Jong-range corrections of Lennard-Jones forces and torques are zero. 

A.1.2 Internal Energy 

correction for a fluid mixture of m rigid multicenter Lennard-Jones com- 
The long-range 
Ponents is derived for the NVT-ensemble. The resulting long-range correction for the internal energy, cf. Equation (177), is also valid for the ApT-ensemble, when the density P I8 replaced by the NpT-average (p) mpr 

The contribution of the Lennard-Jones interactions to the configurational part of the interna] ChEeT£Y 18 

m 
E Eu“"‘" (TE wvr) 

ü=] 

m1 m 

+Z Z ua (T yyrTenve) . 
a=1 b=a+1 

u Na Na A 
3C 
a=1 >1 j#i s 

fl 

m1 m Na Nı 

+ Z Z z ZZ
“£f (7&.NVT7;5_

NVT} 4 

a=1 b=a+1 i=1 j=1 s,k 

(158) 

z ; and Wherein the sums on the indices s and k& count the Lennard-Jones sites on moleceu‚lcäis:ina];d J; Tespectively, The phase space variable sets in Equations (157) and (158) are exp 
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in Chapter 2. In the NVT-ensemble, the average value of the configurational part of the 

internal energy per molecule is 

1 — BUWTS)TILT (nc SG <uLJ} - _c/ e DA )Hdl"„‚ (159) 

NQ re a=1 

wherein the index NVT is omitted and Q° according to Equation (36). Separating like 

and unlike interactions, Equation (159) yields 

HS — BUMHTS) pyLdaa frc D ) s ea u an ] ]arı 
N;Q yr äa 

m—1 m e 
1: I _ 3 C c c C LE Ä„E A (DSTE) a0za5s [ ] arE, (160) 

a=1 b=a4Hl Ara 

or, applying Equation (158), 

; m 1 n Na Na m 

A %ZZZ@%‘@“ (W;75a]]dfäfldfä a=1 P i=1 j£i 8k äa 
1 m-—1 m ü S N: Nı m 

E f — ”“[ZZZ«»E‚-?? (W$flf5)]dFädfäfldfä.. (161) 
a=1 b=a+1 y i=1 j=1 s,k äa 

Interchanging in the terms of like and unlike interactions the double summation on particle 

numbers and the integration, and noting explicitly the integration on the phase space 

coordinates of particles £ and j yields 

Na Na 
1& 1 1 e HA —BUE 

(W)=> g k Maa JA SAT e a=1 “ i=1 j%i Sk F üra 
Im—1 m Na Ng i 3 - 
H XLEE NN Jan 62) 

a=1 b=a+1i=1 j=1 8,k azab 

Herein, the notation P, symbolizes the omission of %, and Yia- It is now obvious, that 

for any two fixed particle indices, the integrals in Equation (162) yield the same results and 

can therefore be replaced by 5N.(Na — 1) = 4N} terms in the case of like interactions, 0r 

NN terms in the case of unlike interactions, wherein the integration only is on particles, 

say number 1 and 2 of each species @ in the case of the like interactions, and number 1 of 

species a and b in the case of unlike interactions, Le. 

(} = X;EEZ f UEa Ya [ä; _fifl‘ßuu(rc)flcl?ädrä\:e] dyidYS 
a= Sk äa 
m-—-1 m 

N Nv Da B f 
B ]uä*:;*‚‘:(v;„r„‚)[@ JEn Jarsars, ;\1]mf„a»‚fb. (163) 

a=1 b=a+1 s.k äa,b
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The expressions in Equation (163) are already rearranged in order to identify conveniently 

the pair distribution functions for like and unlike pairs of molecules in terms of the con- 
figurational phase space variables 

aa F 1 — n 9 Ma ) = V 29„„@ f e ”““(“)Hdl“;drg\„‚ (164) 

g(\)£i) ("!;u"‘f;b) = V Qab_'/ N H nTc"'fl‘c':\1‘3fi_u.;‘\l= (155) Z 

wherein Q.2, .6 according to Equation (272). With Equations (164) and (165), Equation 
(163) becomes 

m 

(u7) = Z 9 \'V2 Z: f“1;2x (Yia: Ya) 908 Mar Via) ia za 

NV?2 
a=1 b=a+1 

m—1 m r 

+X X WLn e an 9 ll 60 
E 

As the fAuide mixture is considered isotropic and homogeneous, the pair distribution func- 
tions depend only on pair distances and on relative pair orientations, noted here as £, 
for pairs of like molecules and ran for pairs of unlike molecules. Then Equation (166) is 

Trewritten as 

m \ 2 

(w”) = z \.V2 D f UZa (Yizna) 9°° (Yizan) AYi2aa Hia 
a=1 
m—1 m ‚v ‚\ 1 5 £ 

C © + ;’ Ya f i kan 9° Oa) sla 07 
a=1 b=a+1 s 

The integration on the configurational phase space variables dy%, can be evaluated directly, 
Le. 

m 2 
c W 7L f R Can 9° Oian) Dlias 

aa »
 > 

N Z i N N5 Z: n / ua (} g° (YWirav) AMıab> (168) 
=1 b=a+1 ®

 

wherein ()., is defined as 

R e OR 
Qa is defined accordingly. 
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With mole fractions and particle density according to 

N2 1 
n aßı (170) 
NNı 
Aanb = abP, [171) 

and with separate integration over the relative pair distances and the relative pair ori- 
entations, Le. dYfona = dw1i20ndTı2aa aNnd dyfzap = dw1106d7ı1a6, Equation (168) finally 

yields 

(u”) = PZ Zj f Ta (M120n@1200) 9° 1200 W 1200) A 1200 AT 1200 
au a='1 E 

m—1 m 

+pZ Z%$nZ/ /U131;„(1‘11mw11a99 (PırabW1106)dw1105dT 1106 (172) 
a=1 b=a+1 

Expressions for the long-range corrections of the Lennard-Jones contribution to the inter- 

nal energy are deduced from Equation (172). For that purpose, the volume integrals are 

split up into integrals over a spherical volume of cut-off radius 7, and the remaining long- 

range integrals, that extend to infinity for a very large system supposed by the means of 

periodical boundary conditions in the molecular simlations. The expressions within the 

cut-off sphere are not considered here, as molecular simulations are performed to evaluate 

them. With the assumption, that the pair distribution funetions are approximately unity 

beyond the cut-off sphere, the long-range correction for the Lennard-Jones contributions 

%0 the internal energy is 

DE pZ Z] O _/uls2L (Fı200W1200) A 120007 1200 ; Saa 
—1 m I& 

1 

+p2 Z z““®*"Zf g'T/“ä“äfi? (T1106@W11a6) dw11000T 1106 (173) 
a=1 b=a+1 Sk /Tc *tab Jn 

With the orientational averages of the Lennard-Jones potential functions 

1 

aa Jn 
LJ 1 

(TEl (T1abl01106) i = _Ö;./:‘z U (Fıraberab) Ae11ab; (175) 

and with the spherical integration written as unidimensional integration 

O O 

j dr:f 4Anr*dr, (176)
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Equation (173) becomes 

m 1 6O 
LILR _ 2 2 E 4 a 1 

ä - p 5Ta 4r (u„„_. (T12ga“’lZaa))h!lz„„r12aadrlz"‘“ 
a=1 * k e 

m—1 m 

+PZ: Z ra-"«'bz4”f ( (D (177) 
a=1 b=a+1 s,k 

Lustig [239] has given analytical expressions for the evaluation of the orientational aver- 
ages of the Lennard-Jones potential funetions contained in Equation (177). Note, that 
in the case of rigid molecules all orientational averages contained in Equation (177) are 
decoupled. Summing up the analytical expressions from Lustig [239] is therefore correct 
[240]. Equation (177) also applies to the NpT-ensemble, when the density is replaced by 
its ensemble average (p) wpr- 

A.1.3 Pressure 

The average pressure for this mixture is 

p &1 BUMTS) z Ök ( mdT° > a DG f i=1 j%i 8k 
m—1 m Na Nr 8uLlab m 

E - f —u [ 1 Aa ]dl““d[‘° [Teri. (178) Sar B = rijabZ z a“ a 
äN ; 9Ä1 Q“ Jre 2 ;};I 8% Öfrijab ara,b 

After transformations analogous to those demonstrated for the internal energy, Equation 

(178) finally yields for the long-range corrections of the configurational part of the pressure 

L 11 z 5 auäf;k“) 2 d JLR — 2 A ® en e 

D 23 PQZ=;‘Ta%; “_[rc ('."'12„„ ö'f'12m 12a0a ” 12a0 

m-—1 m 00 öuua? 

—% _pzz XE :c.‚x.-‚Z4r f (Pı1ab ar;;;;‘)w„.,„f‘1zl„a.dfnab- (179) 
a=1 b=a+1 8k F 

Note, that 

OufE _ Ok (180) 
ÖTı200 — ÖT1s2kaa 

& i tion The same is true for the derivative of ut/@ in Equation (179). For the analylical eyaltıa 
of Equation (179) refer to the comment to Equation (177)- 
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A.1.4 Chemical Potential 

On the basis of the spherical cut-off concept, the Lennard-Jones contribution to the in- 

teraction energy w;, of the inserted molecule z of species a with all other molecules in the 

mixture, cf. Equation (150), is 

D E (181) 
b=1 Jj=1 

TjjSre 

The cut-off sphere of radius r, is centered on the position of the inserted molecule. In 

Equation (181), the long-range correction is 

E —;aZvaZ f (g )w.Anr*dr (182)



A.2 Point Quadrupole Interaction 169 

A.2 Point Quadrupole Interaction 

A m-component mixture of quadrupolar fluids is considered. Each molecule of each species 
has an elongated point quadrupole located in its center of mass. The pair interaction 
potential of the elongated point quadrupoles Q? and Qj‚’ located on molecule £ of speeies 
a and molecule j of species b is, ef. Chapter 3.1, 

90n 1 3005 4 L 1öcje; + 2 (cy — 5e6;)? 183 U; “41T503‚?!'15[ 7 (ca'+cj)_ C + 2(64= Ci"—':')]; (183) 

wherein c = cos@?, c; = cos@, and cıj = cos yf. The angles 0?, 0?, and y# indicate the 
relative angular orientation of the two point quadrupoles. If the fluid surrounding the cut- 
off sphere is assumed isotropic and homogeneous, equally weighted angular averaging is 
allowed and yields a zero contribution beyond the cut-off sphere. Therefore, quadrupolar 
contributions to forces, torques, internal energy, pressure, and the interaction energy Wa 
need no long-range correction. 

A.2.1 Forces and Torques 

The force on Q* due to Q is [3], 

b 
FQQ0b _a“f})Q° 
a Ö’f‘‚‘_,' 

ab QQab un S 1 duß 
egj ÖTü +(eIJCI ei) ?‘.‚;j öC‚ ( JC’ z 1"‚'j 8(.'j ; 

wherein 

_- (185) 
Z Cal 

Equations (183) and ( 184) then yield 

S 5U9Qub 

F‘3Q A __11_£4_j 

T‚'j ] 

a © 

A(ege e ’ „1_39' Q (—106; — 3ücfc‚- — 206 (Cij — 5e;6;)) 
Tij ÄTEg 4'i‘% 

E E +g —e ( (c4 7 

The force on Q® due to Q? is 

n 
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The torque on Q? due to Q? is [3] 

.. QQab 

B M 
7 S a öei 

QQab QQab 

e A 
A 

1 30105 
= —e 

47r£0 4T 

[(-106e; — 3üc?c‚- — 20e; (6; — 566;)) eiy + 4 (ci; — Scicj)e;]. (188) 

The torque on Q? due to Q? is 

WE 130Q105 
7 G ar Äreo 4‘r 

[(—10e; — 30c?cj + 20e; (ci; — B66;)) eiz + 4 (cy — 5csCc;)ei]. (189) 

A.2.2 Internal Energy 

The contribution of the quadrupolar interactions to the configurational part of the internal 

energy is 

m m Na 

D (190) 
p1 b=1.4i=1 j# 

FijSTE 

wherein j £ % for the innermost sum indicates, that self interactions of the molecules 

do not occur, ie. the undefined terms 'uQQM are omitted. Note, that the compact n0o- 

tation of the multiple sums in Equation (190) differs from the extended notation used 

in Equation (158), where the sums on like and unlike species are deliberately separated 

with regard to obtaining explicitly the slightly different long-range corrections for like and 

unlike interactions of the Lennard-Jones part. That, separation is not required here. 

A.2.3 Pressure 

Calculating the pair virial according to Equation (178) based on u“ instead of ur 
ie. 

Bu@Qh 
QQab _ i} 191 Wiz Tij ö‘r‚„‚ ; ( ) 

yields 

WE Z (192) 

This expression is a convenient, way to evaluate rapidly the contribution of the quadrupolar 
interactions to the pressure.
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A.2.4 Chemical Potential 

The Lennard-Jones contributions 

given in Appendix A.1.4. The additi 
quadrupoles is 
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A.3 Point Dipole Interaction 

A.3.1 Internal Energy 

A m-component mixture of dipolar Auids is considered. Each molecule of each species has 

a point. dipole located in its center of mass. The pair interaction potential of the point 

dipoles uf and ‚u? located on molecule £ of species a and molecule j of species b is, ef. 

Chapter 3.1, 

1 @gxub - A 3aCc;). 194 üj 4769 Irl A Z 

wherein c =cos@%, c; =cos8?, and c;; =cosy%. The angles 67, 63 and @ indicate 

the relative angular orientation of the two point dipoles. As u'ä‚.-”“° is no decay function, 
particular attention has to be paid to the long-range corrections of the dipolar interaction. 

Various approaches for calculating dipolar long-range corrections were suggested, among 

which the Ewald summation and the reaction field method are broadly used [114, 307]. 

The reaction field method [6, 340] is used consistently in the present work. It requires 

an essentially lower computational effort compared to the Ewald summation and it is 

convenient to implement. 

The basic assumption of the reaction field method is, that the dipoles present in the 

cut-off sphere of radius r, centered on a dipole jt; polarize the fluid outside the cut- 

off sphere, which is modeled as dielectric continuum with relative permittivity &. This 

polarization gives raise to a homogeneous electric feld, called the reaction field EPF, in 

the cut-off sphere. With the short-cut notation 

AA Z Z 
= PE 195 

4TI'E(] 2Eg +1 T'g’ ( ) 

the reaction field E$F for a cut-off sphere centered on dipole $ is 

m N 

RF MO ( 
b=1 3=1 

TijSTe 

wherein only the dipoles within the cut-off sphere are summed up. For sufliciently large 
systems, Le. N > 500, the sensitivity of simulation results to the value of the relative 

permittivity € is negligible, cf. [340]. Therefore, £, is often set to infinity in simulations 
of dipolar fluids [122, 160, 221, 228]. For reasons of consistency, the relative permittivity 

£; was uniformly set to infinity in the present work. 

The interaction of the dipoles in the cut-off sphere with the reaction field EE‘F con- 

tributes to the torques exerted on the dipoles and to the dipolar interaction energies. The 
energetic contribution of the interaction of the dipole 4® with the reaction field EF s
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RFa _ 1 RF 
Ü S 'ä”?E:‘ } (197) 

Applying Equations (196) and (197), the contribution of the dipolar interactions including 
interactions with the reaction field to the configurational part of the internal energy is 

m m Na Nı 

Um) = GE X 
a=1 b=1 &1 n;r a=1 &1 

r{j<Te 

1 m m Na m Na m N 
_n ‚pab. __ S55 Z 

a=1 b=1 i=1 j# u=1 i=1 b=1 J1 Fij<re TijSre 

17n N: N m Na H ypab _ a .0 = (9 E ('u__-j ;“:))'_Zzl"'l"""' 
a=1 b=1 i=1 ‚-’f a=1 i=1 

7 Te 

m Na Nı 

293332302 c‚u‚)>——zN (u°)”. — (198) 
rij<te 

The averaged term in Equation (198) can be written as hierarchical summation on particles 
that is conveniently evaluated in a molecular simulation code. Equation (198) shows, 
that the computational effort. for the reaction field method is restrieted to the additional 
pairwise evalnation of the simple term —C pf}p %_ The last term in Equation (198) is the 
dipolar self term, which is constant for a comtant number of particles. 

A.3.2 Forces and Torques 

The reaetion field E}F is a homogeneous electrical field, ie. it is no function of position 

within the cut-off sphere. It therefore exerts no force on the dipoles, i.e. 

A (199) 

The force on 45 due to M3 

K _3„;;P“° (200) 
ü ÖTij 

1 obtained from Equation (184), wherein HQQGb C “;}'m 

(201) Fupab _ P } 3'“‘”’ [(ci; — 5ci6;) &; + Gei + Gej]- 
TEO r„ 



174 APPENDIX A FORCES, TORQUES, AND LONG-RANGE CORRECTIONS 

The force on p due to pf is 

F (202) 

The torque on j4? due to p? 

Oukab 
Mpab __ . } 9 
ET de; (203) 

is obtained from Equation (188), wherein 'uQQ"" is replaced by u“““° 

1 MeE ab _ ; 
7E - 74r ;?}}e' X [e; — 36jeij], (204) 

7, 

and the torque on ff due to ff is 

1 ‚u‘.‘ y‚b 
japba __ 5 ; X [e: — 3El - 205 Tji 47750 r;°’‚ e;x| Gieij] (205) 

The additional torque for each y of each species a due to the reaction field E}F is [3] 

RF _ 0 x BF, (206) 

A.3.3 Pressure 

In analogy to Equations (191) and (192), the pair virial for dipolar interactions is 

Hpab 

a "='f?“;‚.— 
ü 

= —u (207) 

Note, that the reaction field does not contribute to the pair virial, when the pair virial 
is calculated by the means of the pair forces. In the present work, the pair virial of 

the dipolar interactions was calculated according to a suggestion of Saager et al. [340), 

who applied Equation (207) after adding the energetic contribution of the reaction field 

to u vab cf. Equations (197) and (198). This allows reaction field contributions to the 

pr&55ure. 

A.3.4 Chemical Potential 

The Lennard-Jones contributions to the interaction energy va cf. Equation (150), are 

given in Appendix A.1.4. The additive contributions to z;2 due to the interaction of point 

dipoles and the reaction field are 

w{-‘-Rra. Z Z (ummb„ Z l—°‚) (208) 

b=1 j=1 
Fij<re
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A.4 Set of Point Charges Interaction 

A.4.1 Internal Energy 

In a pure fluid of molecules bearing sets of point charges, the interactions between the 
point charges located on molecules £ and j are considered. The notation scheme used for 
interactions of Lennard-Jones sites in Appendix A.1 is applied here analogously to sets of 
point charges. Each set of point charges is presumed to be electroneutral, ie. 

Ya (209) 

According to Coulomb’s law, the pair interaction potential of two point charges g;; and 
Qjx at distance 7;4;% is 

1 GisQik E A9 k 210 U ä 
ia7k 4TEg Tisjk ( ) 

wherein 7;4;% = |Fisjk]- Consequently, the pair interaction potential of two sets of point 
charges on molecules £ and jis 

T GisQjk u Z E (211) Yı 4TE ; ; Tisjk 

As in the case of dipolar interactions, usual approaches to deal with the long-range correc- 
tion of this non-decay interaction potential are the Ewald summation technique and the 
reaction field method [114, 307]. The application of the reaction field method to systems 
with point charges is generally accepted, cf. for example the works of Steinhauser [374] 
°r van der Spoel et al. [401] on water. In the present work, the reaction field method is 
Preferred for the reasons stated in Appendix A.3. 

The application of the reaction field method to electroneutral sets of point charges 
allows a notation that is completely analogous to the one used for dipolar interactions. 
Consequently, the reaction field method is straightforwardly applicable to mixtures of 
fluids with dipoles and point charges, cf. Appendix A.6. j 

With the dipolar momenta of the electroneutral sets of point charges on a molecules £ 
and 7 

(212) 
I‘»? * Z‘]:'s"'z‘.a - ZQ'‚'‚AT‚-‚;

‚ 
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K Z GikTjk = ZQ;‘J:ATJ
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; s the Teaction field E?F for a cut-off sphere centered on the center of mass of molecule £ 

(214) 
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In analogy to Equation (197), the energetic contribution of the interaction of the dipolar 

momentum j of the set of point charges with the reaction field ERF is 

T 
F — Z D (215) 

Then, in analogy to Equation (198), the contribution of the point charge interactions 

including interactions with the reaction field to the configurational part of the internal 

energy is 

N ® 
( = (3 0 ( CH)) — NS ( (216) 

i=1 j# 

A.4.2 Forces and Torques 

The force on point charge q;; due to point charge q;% is 

öu jk 

F - Ö"‘ZJ;. 7 

1 _1 disQjk = E 217 
411'50 rf„,„ El (217) 

wherein 

Cisjk = &j'‚s'‚ (218) 
|Tasje| 

and the force on q;; due to a homogeneous electrical field E is 

So the force on a point charge q;; as part of the set of point charges of molecule £ due 

to the set of paint charges on molecule j and due to the reaction field EPFF according to 
Equation (214) is 

RF _ 1 GisQjk 
Fqq ; z 4fl_£ ;.9 Eisjk F q:sE (220) 

T 
Tij<re 

Summing up all forces F}*F „;elds the force on the set of point charges on molecule 7 due 
to the set of point charges on molecule j 

M Z Z Z 4735„ q:'r'quk Cisjk- (221) 
jfi s 

„<r'.:
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Equation (221) shows, that the reaction field exerts no net force on the electroneutral set 
of point charges, However, the reaction field contributes to the torque on the set of point 
charges 

-rf“nF . E Äfti: X F 
5 

= D — DE Arı X eije + MX ED, (222) 
jei s k '11TE[) riajk 
j <Te 

Equations (221) and (222) show, that the action of the reaction field on sets of point 
charges is completely analogous to its aetion on dipoles, ef. Equations (199), (201) and 
(206). 

A.4.3 Pressure 

The pair virial for the interaction of two sets of point charges must be evaluated by the 
means of the pair forces between the charges, Le. 

Bud. 
ag LE L wr = ÖTisjk 

s k& 

= W Fr Z 
s k 

As shown in Chapter A.4.2, the sum over all pair forces, as it is contained in Equation (223), 
makes disappear the influence of the reaction field on the pair virial w 

A.4.4 Chemical Potential] 

The Lennard-Jones contributions to the interaction energy w;, cf. Equatior} (150), Ej.re 
given in Appendix A.1.4. The additive contributions to ı; due to the interaction of point 
charges and the reaction field are 

aM ® 
RF _ z (‘u$-’ = ‘ä“l‘?l‘?) S 

j=1 
F;jSre 

(224) 
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A.5 Point Dipole and Point Quadrupole Interaction 

A.5.1 Internal energy 

A _ m-component mixture of dipolar-quadrupolar fluids is considered. Each molecule of 

each species has a point dipole and an elongated point quadrupole located in its center of 

mass. The interactions between point dipoles and between point quadrupoles are described 

in Appendices A.2 and A.3. The pair interaction potential of the point dipole u? located 

on molecule £ of species a and the point quadrupole Qg located on molecule j of species b 

is [3, 132], 

uQab _ _1 307Q5 
a Areg 2 TE 

4 ( (50j — 1) — 2656;) , (225) 

and the pair interaction potential of the point quadrupole Q7 located on molecule i of 

species a and the point dipole / located on molecule j of species b is [3, 132], 

An 
Q Z S Bla — DLl 2926 
U: Areo 2 „.?j (CJ (5cf 1) 20„Q) ; (226) 

wherein c& = cos @, c; = cos @, and c;; = cosfy‚’f' The angles 0?, 6';’, and 7 indicate the 

relative angular orientation of the point dipole and the point quadrupole considered. 

Presuming, that the point quadrupoles do not influence the reaction field of the point 

dipoles, the reaction field Ef"° for a cut-off sphere centered on dipole m? is given by 

Equation (196). The reaction field EF acts on the point dipoles according to Equations 

(197) and (206), but, due to its homogeneity and due to the elongation and symmetry of 

the point quadrupoles, has got neither energetic nor force nor torque effects on the point 

quadrupoles, 

Therefore, the total electrostatic energy that contributes to the configurational part of 
the internal energy is 

ImmN.‚ N} Na 
(5 Z Z z Z (u3®“" Y uä„ua $ flf‚-Q°b Q„ab) z Zm: Z u uRFay 

a=1 b=1 i=1 i# a=1 #=1 
437e 

{E) 

lmmN„ N 

E PE F LO u)) 
a=1 b=1 i=1 i 

TiSte 

C m 

—z 2 Na (227) 
a=1 

Il 

wherein u°""”’ and u$}‘“"" are given by Equations (183) and (194).
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A.5.2 Forces and Torques 

The forces and torques between pairs of point dipoles and between pairs of point quadru- 
poles are given in Appendices A.2 and A.3. The force on g due to Qf- is obtained from 
Equation (184), wherein u3@"b is replaced by uä-Qab 

öu‚gn}'2ab 

BL n 

ör„ 

1 3usQt 

[(56; (7e} — 1) — 1066j) e44 + (1 — 5c7) &i + (2c; — 1066;)e;] , (228) 

uQab F 

and the force on Q? due to „g is 

öu3”"°' 

S Ör 

1 3Q%u 
4reo2 T j 

[(5e; (1 — 7e?) +10c;6) eı; + (10e;c; — 2c;) e& + (5? — 1) e;]. (229) 

Fa _ 
7 

The force on Q® due to y is 

e R and the force on u due to Q? is 
FuQi _ _ pQuab (231) 

The torque on 4} due to Qf 

Qa _ _6 X E ©& Z ße‚- 

ä S Qab is obtained from Equation (188), wherein ugQ°° is replaced by uf; e 

1 3620 ° (233) d E TU Ee; x41l’f:‘o2 "':‚ [ ( j ) j 373 

The torque on Q? due to f is 

1 3Q'-"-‚_‚P 
‚E: 

(234} 
7e e‘x47r502 ?‘ä [ (Cij j) e 

the torque on Q? due to f is 

20 zehe _ u 13008 8 e en S 5 4 A 4meo2 76 
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and the torque an ;n? due to Q? is 

1 307 z e Xx —— 7 2 (e — Beic;) e +2cjei] - 236 i me ama M Rlc — Banı) ey + 200l (2%) 
Note, that there are no actions of the reaction field on forces and torques of the interaction 

of point dipole and point quadrupole. 

A.5.3 Pressure 

In analogy to Equations (191) and (192), the pair virial for the interaction of point dipole 

and point quadrupole is 

Haa (237) 

or 

Quab _ 
i rij_6‘ß_-‚- (238) 

A.5.4 Chemical Potential 

The Lennard-Jones contributions to the interaction energy %4, cf. Equation (150), are 

given in Appendix A.l.4. The additive contributions to %; due to the interaction of 

point quadrupoles, point dipoles, and the reaction field are given in Appendices A.2.4 and 

A.3.4. The additive contributions to w due to the interactions of point dipole and point 

quadrupole are 

m N 

w.ä@ Ar z Z (‚Ü$Qab A ugwb) z (239) 
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A.6 Interaction of a Set of Point Charges and Point Quadrupole 

or Point Dipole 

A.6.1 Internal Energy 

A binary Auid mixture of a component a bearing point charges and a dipolar-quadrupolar 

component, b is considered. Each molecule of component &6 has a point dipole and a 

point quadrupole in its center of mass, The pair interactions between point quadrupoles, 

between point dipoles, between sets of point charges, and between point quadrupoles 

and point dipoles are deseribed in Appendices A‚2, A.3, A.4, and A.5. The interactions 

between a point dipole and a set of point charges are deseribed for reasons of completeness, 

they were not required in the present work. 

Presuming, that the point quadrupoles do not influence the reaction field of the point 

charges, both the dipolar momenta of the sets of point charges and the point dipoles 

contribute to the reaction field. Therefore, the reaction field Eä“' for a cut-off sphere 

centered on the center of mass of a-molecule z is 

Na Nı 

EG ON (240) 
WEn n 

The mathematical expression for the reaction field Ef" for a cut-off sphere centered on the 

point dipole ® of b-molecule j is identical to the expression in Equation (240). According 

to Chapters A.3 and A.4, the reaction field acts on the point dipoles on molecules of species 
b and on the sets of point charges on molecules of species a. The reaction field does not 

act on the interactions of sets of point charges and point dipoles or point quadrupoles. 

The pair interaction potential of the point charge q7 , on a-molecule £, and the point 

quadrupole Q® on b-molecule %, at distance 7i = Tis 7 Ti is [150, 233] 

a (3008? 0i — 1) , (241) 
i Amen Aren 

and the pair interaction potential of the point charge g%, 0n a-molecule 2 and the point 

dipole u? on b-molecule z at distance T3;.4j, IS [150, 233], 

b 1 n 
uc_;pa_l; E q=a;-! i 0805 (242) 
1a826 47750 7'1‚“5jb 

and 6; is the angle between the distance unit vector 
Wherein 744 = Pgl 

K \änsde| of the point quadrupole or the 
Cizsj, = Figeje/Tina and the orientation unit vector €&;, 

point dipole, ie. 

COSÜ{„.; = 3j»‚ . Bf_‚.gj.n,- (243) 
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Consequently, the pair interaction potential of the set of point charges on a-molecule 

2 and the point quadrupole on b-molecule j is 

u 9Qab — D "' (3cos” 0;,3 — 1) , (244) talb SE Arg — e 

and the pair interaction potential of the set, of point charges on a-molecule £„ and the 

point dipole on b-molecule j is 

b 
guab 1 q}‘_.‚#;;„ 
A 737 C0S Oigs- (245) 

ATEo9 G 

Then the total electrostatic energy that contributes to the configurational part of the 

internal energy is 

Na Na Na Nı 
Ar ‚bb bb bb bb MN ED( n + 9) 
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A.6.2 Forces and Torques 

The forces and torques between pairs of point quadrupoles, between pairs of point dipoles, 
between two sets of point charges, and between a point quadrupole and a point dipole are 

given in Appendices A.2, A.3, A.4, and A‚5. 
The force on g , due to Q®*, is [305] 

öu<1Qflb ButQab 
qQab _ S ia _ O ipei 
1a87 Öf‘,„„_‚; ör=«m‚ 

—1 3 
Aren Art [2008i,s - @j + (1 — 5c08? i.4) ei.sjn] ; (247) 

2a8]e
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b : 
and the force on q? , due to A 

quab _“ S 
1a87 örje.=‘..-' ari,;j„ 

3 sl = ı— E Ej, — ICS Ö e - 248 Areo "3‚sj„ (85 — 3008 Og Eiag) (248) 

The force on Q? due to d 5 

and the force on 4 due to g£, is 

Frra _ _ prauab (250) Jbtas 1a8j6° 

The torque on the point dipole ‚u$„ due to the spherically symmetric electrostatic field of 
the point charge A 

b 
T_l_;qbn Al E pjbq::zö 
jeias © 2 Kn 4T Fr 

and the torque on the a-molecule i, bearing the set of point charges due to the point 
dipole ‚u‘jü on b-molecule jg is 

(251) Ej, X Cigsjpr 

faje 1a8j6* 
wa Y Argı x F (252) 

The torque on the point quadrupole Q% due to the spherically symmf:tnß e{ecüf;ta.gt;: 
field of the point charge gi.s IS zero, and the torque on the a-m0'la'cule %a bearing the 
of point charges due to the point quadrupole ng on ö-molecule 3 is 

e ZA7-‚-AS x FIQ (253) 
s 

iafb 2a8jy° 

A.6.3 Pressure 

d € ; int dipoles, two The evaluation of the virials for pair interactions of P01nfi q11@?°”}51'" nä;(£ A 
Sets of point charges, and point quadrupole and a point dipole is given in Appe 
A3, A.4, and A.5. 

; ; adrupoles In anal ogy to Equation (223), the pair virials for the interaction of point qu P 

ir forces, Le. Or point dipoles with point charges are evaluated by the means of the pair 

ob (254) W - "‘='«a'»Zäl‘fl"fiw 
guab (255) 
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A.6.4 Chemical Potential 

The Lennard-Jones contributions to the interaction energy ı, and %,, cf. Equation (150), 

are given in Appendix A.1.4. The additive contributions due to the interaction of point 

quadrupoles, point dipoles, sets of point charges, and the reaction field are given in Appen- 

dices A.2.4, A.3.4, and A.4.4. The additive contributions due to the interactions of point 

dipole and point quadrupole are given in Appendix A.5.4. The additive contributions due 

to the interactions of point quadrupoles and sets of point charges or point dipoles and 

sets of point charges are 

Na 
ab ( : (256) 

j 
'igjh<'\? 

and 

Na 
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Appendix B _ Derivation of the Chemical Potential 
The following derivations of the chemical potential start from Equation (58) in Chapter 
2.4.2. 

Derivation for a'-components 

The evaluation of Equation (58) with Equations (49), (50), and (52) yields 
Na#r JN 

Narl V ME Ka (p,T,2) = kaTin n (Nor + 1ar)! {V)f;T A£:(N„+!„r) 

Sar (Nat + Lar 
—kaT'In Qigr Nor + Lat) E ) (258) 

Qf\j‚:r (Na) 

Assuming, that the volumes and the numbers of molecules in the system containing 
Nar + 1r molecules of component, a’ and in the system containing Ny- molecules of com- 
ponent a’ are approximately equal, Le. 

(V)enan er S (V)ner,; (259) 
N 412 R Na, (260) 

Equation (258) becomes 

ä (V)mr _1 
—LBTJJ] [T S Af5 Ha’ (p, T, z) 

- _kBTIH[ (V)npr S e7PPV ea in TT dI’SdV 
The additional three position variables of the added a’ molecule are rep res.ented by %r For convenience, in Equation (261), and hereafter, all NpT-phase space variable sets are 
noted without NpT-index. 

; With the following decomposition of the potential energy Uy41 in Equation (261) 

Un (Dra DE UEr e D5,) = UD 44 ür s Dir) 4 War(DS ı Da Ur - Din), (262) MDE - 
wherein , is the interaction energy of the added a’ molecule with all other molecules in 

the mixture (cf. Appendix A for its calculation) and with 

Nar = »'Üa’N1 (263) 

Equation (261) becomes 

Vr _1 In za Ka (p,T,2) = _kBT]II[T-AÜ +K*gTInz, 

f S e-Berdhe] Pn TL dESaV ] (264) —kT In Vnr ] e Pn HV TT, dUSEV 
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With the position average of e7”' within the volume V 

(e7 Pr} = %je—ßn‚!s„fld'y;„ (265) 

Equation (264) becomes 

I 

A f 

j' V (e- Pr *5PVE—BUN H„ dI'sdV 

D [ AWf € ßpvfl'ßü” IL& ]° 08 
which is Equation (59) in Chapter 2.4.2 for an a’ component. 

Derivation for a”-components 

In order to obtain a composition. dependent contribution to the chemical potential 

also for a”-components, a modified form 9 „ of the ideal contribution of the NVT- 

partition function is used, It is independent of the factorial of the number of molecules 

and is, hence, defined as 

Or Narl Qn (267) 

wherein Q%, „r according to Equation (35). Then the ideal contribution to the NpT- 

partition funetion, ef. Equation (51), is rewritten as 

VEr 
Q$'.Np'f = Narl Qa" NVT> (268) 

The evaluation of Equation (58) with Equations (49), (52), (268), and with the approxi- 

mations according to Equations (259) and (260), yields 

Vnr _ Qj;?‚__„„ (Nav + La”) 
Nall' Qä’„NVT (1Va") 

Qr (Nar + 1ar) 

Q5wy‚1r (Na") 

Wa k 
NR 

rm LE P TLATEV 
(Vnpr F er ara 

which is Equation (59) in Chapter 2.4.2 for an a” component. In Equation (269) the 

position variables %” and orientational variables yS° of the added a” molecule are 
contained in yz«. In Equation (269) the ideal term 

—kT In [ 

= kFln [ ) + kT In ar 

(269) 

Rai(T)= _„_iq'fi_„(N;")_ (270) 
Q yr (Nas $ 1am)
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Appendix C Technical Details of Simulations 

C.1 Vapor-Liquid Equilibria of 2CLJQ Model Fluids 

The NpT+Test Particle Method, cf. Chapter 2.5.1, was applied to obtain the vapor- 

liquid equilibrium data. NpT molecular dynamics simulations with N = 864 particles for 

both liquid and vapor phases were performed. The cut-off radius r, was set to 5.0-g, 

except for cold liquid phase simulations of some strongly quadrupolar fluids with L* =0, 

where values of r£ down to about 4.75 - 7 were required in order to keep the cut-off radius 

smaller than the half simulation box edge length. The dimensionless integration time step 

was set to At* = 0.0015. Starting from a face centered cubic lattice arrangement every 

simulation run was given 10,000 integration time steps to equilibrate. Data production 

was performed for 100,000 integration time steps. The configurational part of the chemical 

potential was obtained from insertion of 2 . N test particles in the liquid phase, and N 

test particles in the vapor phase per production time step. The dimensionless dynamical 

parameter of NpT-MD-simulations ascribed to the box membrane was set to 2 - 107* 

for liquid simulations and to 107° for vapor simulations. The high value of N allowed 

simulations in the vicinity of the critical point, and the high number of time steps n was 

used in order to obtain small statistical uncertainties. 

As suggested by Möller and Fischer [282], during test. particle insertion, the quadrupole 
sites were shielded by a hard sphere of diameter 0.4 - @7, in order to avoid numerical prob- 

lems due to divergence of the energetic contributions in the case of small intermolecular 

distances. This hard sphere was not active during configuration generation. For Tcasons 

of consistency, it was applied to all fluids studied here, 

C.2 Vapor-Liquid Equilibria of 2CLJD Model Fluids 

For most 2CL.JD model fluids the simulation parameters were identical to those given for 

the 2CLJQ model fluids in Appendix C.1. For the lowest temperatures of four 2CLJD 

fuids (L* = 0 with ** = 12, L* = 0 with #** = 16, L* = 0 with u*? = 20, and 
L* =0.2 with w*? = 16), the liquid phase simulations were performed with extended data 

production phase (n = 200, 000), and the configurational part of the chemical potentials 

was obtained from insertion of 10 + N test particles per integration time step. 

At the lowest temperatures (0.55 - 7*) of the remaining 2CLJD fuids, vapor-liquid 
equilibria with very low statistical uncertainties were calculated on the basis of accurate 

data on the configurational part. of the chemical potential in the liquid phase from the 
gradual insertion method, cf. Chapter 2.4. Monte Carlo based NpT simulations of the 

liquid phases with gradual insertion were performed with N = 864 particles. Starting from 
a face centered cubic lattice arrangement, these simulations were given 5,000 Monte Carlo 

loops for equilibration. Data production was performed for 100,000 Monte Carlo loops. 
One Monte Carlo loops is defined here as _N trial translations and (2/3) - N trial rotations
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of non-Auctuating molecules, 10 - N trial translations and (20/3) - N trial rotations of 
the Auctuating molecule, 50 - N trial translations and (100/3) - N trial rotations of non- 
Auctuating molecules preferentially in the vicinity of the Auctuating molecule, and one trial 
volume change. Further simulation parameters for runs with gradual insertion were taken 
from [420]. Table 32 gives the definition of the seven intermediate states 7 for the gradual 
insertion of a 2CLJD molecule used in the present work. Multiplication of the 2CLJD 
parameters 7, £, and y with the scaling factors f,.;, f.;, and Ju.i Yields the parameters of 
the fluctuating molecule in the intermediate state £. The point dipole is shielded as soon 
as it is allowed to interact, i.e. fu; > 0. The parameter L* was kept constant for or all 
intermediate states. 

Table 32: Intermediate states for the gradual insertion of a 2CLJD molecule. 

f g.£ .f E f 43 Shield 

0.0 0.0 0.0 no 

0.408 (1/6)? 1/6 yes 
0.578 (2/6)?! 2/6 yes 
0.708 (3/6)? 3/6 yes 
0.816 (4/6)! 4/6 yes 
0.912 (5/6)? 5/6 yes 
1.0 1.0 1.0 yes 7

 
S
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N
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Long-range corrections for the dipolar part of the 2CLJD potential model were calcu- 
lated with the reaction field method, cf. Appendix A.3. 

C.3 Vapor-Liquid Equilibria of Methanol 
The vapor-liquid equilibrium data of methanol were obtained from the NpT+Test Particle 
Method, cf, Chapter 2.5.1. Vapor-phase simulations shown in the present work .were 
Monte Carlo based, as equilibration was achieved substantially faster and AOr reliably 
than with molecular dynamics simulations. For molecular dynamics simulations of the 
vapor phase, that are not shown in the present work, it was assumed, that the mass 
distribution in the methanol molecule is men : Mo : ma = 15 : 12 : 6, Whjf'h e 
älso applied for the definition of the molecular center in all Monte Carlo 5im1.ue.t=mns of 
methanol. The increased hydrogen mass helped to keep the rotational mot_10n of_the 
Molecules numerically stable. The results were consistent with results from 5xmulatno$ 

using the physical mass distribution me :Mo:ma=15:12:1, b DE 
Vvery small integration time steps for numerical stability. VE L 

For the nmäcl Mce; the Monte Carlo based NpT simulations of the 1hqu1d }JÖBHÄSPSS ;'33 

&radual insertion were performed with N = 500 particles and cut-o.fi'radlus 15'7- e 5, 000 ing from a face-centered cubic Jattice arrangement, every simulation run was given 9, 



190 APPENDIX ©C TECHNICAL DETAILS OF SIMULATIONS 

Monte Carlo loops for equilibration. Data production was performed over n = 95, 000 

Monte Carlo loops. One Monte Carlo loop is defined here as N trial translations and N 

trial rotations of non-fluctuating molecules, 10 - N trial translations and (20/3) - N trial 

rotations of the fluctuating molecule, 50 - N trial translations and (100/3) - N trial rota- 

tions of non-Auetuating molecules preferentially in the vicinity of the Auctuating molecule, 

and one trial volume change. Further simulation parameters for runs with gradual inser- 

tion were taken from [420]. 

The definition of the eleven intermediate states for the gradual insertion of a methanol 

molecule used in the present work is shown in Table 33. Multiplication of the Lennard- 

Jones size parameters, Lennard-Jones energy parameters, and the point charges with the 

scaling factors fz.;, f2:;, and f yields the parameters of the fluctuating molecule in the 

intermediate state £. Furthermore, Table 33 contains the locations of the CH3-, oxygen-, 

and hydrogen-sites relative to the center of mass in the principal axis system. All z 

coordinates are zero. The location of the Lennard-Jones sites and the point charges of 

the CH3-group and the oxygen atom were always identical, whereas the hydrogen-site 

moved stepwise outward. The C-O bond length was kept constant for all intermediate 

states. Table 33 shows, that the point charges were activated only after the Lennard-Jones 

sites were grown to their full size. This strategy helps to enhance the transition between 

intermediate states. 

The interaction of point charge q:;4 on molecule z and point charge q; , on molecule j 

was shielded by a hard sphere as soon as the point charges were activated, i.e. fzi > 0. 

For reasons of consistency with literature, according to a suggestion by Lisal et al. [228], 

the diameter of the hard sphere was set to 0.8 - 0isjk, With Tisjp = (0is + 0jk)/2 (the 

Lennard-Jones size parameter is set to zero in the case of the hydrogen site). However, 

without showing the results here, it was verified in the frame of the present work, that the 

insertion strategy listed in Table 33 does not require point charge shielding at all. Error 

free gradual insertion runs, also in cold, dense liquid phases were obtained without any 

shielding. This very satisfactory result allowed to specify the hard spheres diameter, that 

will start to influence the interaction energy. It was found, that hard sphere diameters 

0,8- 7i are on the edge of getting influence. For correct results, they must not be larger. 

For the model Mo, Monte Carlo based NpT simulations of the vapor phases were 
performed with N = 500 molecules and cut-off radius 17.5 Ä. Starting from a face centered 
cubic lattice arrangement, every simulation run was given 40,000 Monte Carlo loops for 
equilibration. Data production was performed over n = 300, 000 Monte Carlo loops. The 

configurational part of the chemical potential was obtained from insertion of N = 500 test 
particles per Monte Carlo loop. During test particle insertion, the above discussed hard 

spheres were used to shield the point charges. 

For the model M opt, the Mo simulation conditions were applied to the liquid phase 
simulations, except for particle numbers N, numbers of Monte Carlo production loops 7,
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and cut-off radii r;, = 17.5Ä. For 325 K to 405 K, they were N = 864, n = 50,000. For 

445 K to 490 K they were N = 500. n = 70, 000. 

For vapor phase simulations of the model Mopt, the vapor-phase simulation conditions 

of the model Mg were applied, but with data production only over 100,000 Monte Carlo 

loops. 

Long-range corrections for the interaction of the point charges were calculated with 

the reaction field method, cf. Appendix A.3 

C.4 Vapor-Liquid Equilibria of 2CLJQ/2CLJD Mixtures 

The Grand Equilibrium method was applied for the calculation of the vapor-Jiquid equi- 

libria of mixtures. For the adiustment, of the binary interaction parameter £, N = 864 

particles were used for NpT' molecular dynamics liquid phase simulations and about 300 

particles for the subsequent quasi grand canonical Monte Carlo vapor phase simulations. 

The cut-off radius was set to 5-0. The simulations were started from face centered eubic 

lattice arrangements. The liquid phase simulations were equilibrated over 10,000 time 

steps, and data production was carried out for 100.000 time steps (one time step » 3 fs). 

The configurational part of the chemical potential and the partial molar volume of each 

component in the liquid phase were obtained from insertion of 4 - N test particles of cach 

component per integration time step. The vapor phase simulations were given 10,000 

Monte Carlo loops for equilibration and 100,000 Monte Carlo loops for data production. 

One Monte Carlo loop was defined as N trial translations, (2/3) - N trial rotations, one 

trial particle insertion, and one trial particle deletion. 

For most of the vapor-liquid equilibrium isotherms for binary systems shown in 

Chapter 6 the number of particles in the liquid phase was reduced to 500, in the va- 

por phase the particle number was approximately 250 and the cut-off radius was 4 -& in 

both phases. 

Simulations of ternary mixtures were carried out with 864 particles in the liquid phase 

and about 300 particles in the vapor phase, the cut-off radii were 5 -g in both phases. 

Long-range corrections for the dipolar part of the 2CLID potential model were calcu- 

lated with the reaction field method, ef. Appendix A.3. 

C.5 Vapor-Liquid Equilibria of the Mixture Methanol + Carbon 

Dioxide 

The Grand Equilibrium method was applied for the calculation of the vapor-liquid equi- 

libria. During the Monte Carlo NpT simulations of the liquid phase, the configurational 
part of the chemical potential and the partial molar volume of both components were 

obtained from the gradual insertion method. The definition of one NpT' Monte Carlo loop 
with gradual insertion and the mass distribution in the methanol molecule are deseribed
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in Appendix C.3. The intermediate states for the gradual insertion of a 2CLIQ carbon 
dioxide molecule in the mixture are given in Table 34. The symbols are explained in 
Appendix C.2, the factor fo.; has got the same meaning for the point quadrupole as the 
factor f„.: for the point dipole. 

For gradual insertion, hard sphere shielding was applied to point quadrupoles and point 
charges as deseribed in Appendices C.1 and C.3. The diameters of the hard spheres that 
shield. interactions of point charges and point quadrupoles were taken as the arithmetie 
mean of the diameters of the hard spheres defined for the point charges and the point 
quadrupoles. 

AIl simulations were started from a face centered eubic lattice arrangement. 
For the adjustment of the binary interaction parameter £, 864 particles were used for 

liquid phase simulations and about 500 particles for the vapor phase simulations. The cut- 
off radius was 17.5 Ä. The liquid phase simulations were equilibrated over 5,000 Monte 
Carlo loops, data production was carried out within 45,000 Monte Carlo loops. The vapor 
phase simulations were given 20,000 Monte Carlo loops for equilibration in the NVT 
ensemble, then 70,000 Monte Carlo loops of equilibration in the VT ensemble. Data 
production was done within 200,000 Monte Carlo loops. 

The liquid phases at 298.15 K were simulated with N = 500 particles, cut-off radius 
Te=15.75 Ä, 5,000 Monte Carlo loops for equilibration, 25,000 Monte Carlo loops for 
data production. At 323.15 K, these numbers were N = 864, r.=17.5 Ä, 5,000 Monte 
Carlo loops for equilibration, 45,000 Monte Carlo loops for data production. At 373.15 K 
they were V = 500, r;, = 14 Ä, 5,000 Monte Carlo loops for equilibration, 30,000 Monte 
Carlo loops for data production. For the quasi grand canonical Monte Carlo simulations 
of the vapor phases about 500 molecules were used. These simulations were equilibrated 
for 20,000 Monte Carlo loops in the NVT ensemble, and 70,000 Monte Carlo loops in the 

#VT ensemble. Data produetion was done within 100,000 Monte Carlo loops. . 
Long-range corrections for the interaction of the point charges were calculated with 

the reaction field method, cf. Appendix A.‚3. 

Table 34: Intermediate states for the gracdual insertion of 2CLIQ E‘‚a.ljbüil dioxide in the 

mixture methanol + carbon dioxide. Symbols, cf. Appendix C.2. 

f A f &$ f Q.4 Shield 

00° 00177700 n0 
0.408 1/6 1/6 
0,578' 2/6 2/6 
0.708 3/6 3/6 
0.816 4/6 4/6 

0.912 5/6 5/6 
1.0 10 A0 1

8
9
8
0
8
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Appendix D CGlobal Correlations 

Tables 35 and 36 contain the elementary functions and their coeflicients for the global cor- 

relations of the critical temperature T+ (P**, L*), the saturated liquid and vapor densities 

p* (P?, L*,T*), p (P*?, L*,T*), and the vapor pressure p} (P**, L*,T*) for the 2CLJQ 
and 2CLJD model fluids, cf. Chapter 3.2.2. P* symbolizes Q* or u*. The control values 

below Tables 35 and 36 help to avoid mistyping of the global correlations. 

Table 35: Elementary functions %;, &, x; and their coefficients &, %:, ı, as well 

as constant c for the correlations T+ (Q*?, L*), p} (Q*2, L*), C (Q*, L*) to 
CR I9 ande (Q%.L9) 06 (0°, L*). Notation: Zis *, qg is Q”. 

Elementary functions Coeficients Elementary functions Coefcients 

TE (g.6) pE (g,£) 
e 1 050757910° 1E I 0.3143171 
d d 0.2047231- 1077 | &x g? 0.2469999 - 107? 

q* —0.1291671 - 107? g} —0.2422011 - 1073 
& 1/(0.1+#£?) 0.3319456 & €@/(0.11+€) —0.1452035 

1/(0.1+ £5) 0.4136462 - 107 £5/(0.11+8&) —0.4259098 - 1071 
Xi /(0.1+22 0.9755649 -107? | x; #g?/(0.11+4#) —0.2700883 - 107* 

g2/(0.1+£€°) —0.1715840 - 107? Pg /(0.11+€°) 0.2785485 - 107? 
q° /(0.1+£#?) —0.8173578 - 1079 CO +E) 0.3007566 - 1077 
q /(0.1+€) 0.2301229 - 1073 qg /(0.11+€°) —0.5084756 - 1073 

Cı (q,£) C3 (a,£) 
Ca 0.3019549 ea 0.4955956 - 107 
W qZ —0.3796746 - 10*3 %; d} 0.6125793 - 107? 

q 0.6745920 - 107 d —0.1684225 - 107? 
E& i;‘;ge+ 0.4)2 —0.1608258 - 1071 \& @ 0.7665178 - 107} 

£40.4) —0.5227964 ß 0.4320915 - 107* 
Xi ql /(€+0.4) 0.1122068 - 1071 | x q2E? —0.1489510 - 107! 

q° /(£+0.4)' -—0.4523730 - 107? E —0.2119930 - 1072 
E +0.4) —0.2711606 - 107? SE 0.3030791 - 107? 

HE +0.4)7 0.3949744 - 1073 S 3 

Ca(g.€) Z (a.£) 
ea 0.6676718-107* J 1 0.1984681 - 107' 
aı ” -—0.2125521 - 107® | &; q} —0.3677042 - 107? 

g} 0.5591744 - 1073 D 0.1251499 - 107? 
& ;4 —0.5007894.10-2 | &, @ —0.5941681 - 107} 

—0.7089158 - 107? e 0.5235979 - 107' 
Xi qu 0.1218855 - 107? | x q 0.1966272 - 107 

qgl 0.8615708 - 1072 d —0.7711454 - 107? 
d —0.1407562 . 1072 PE —0.2604483 - 107? 
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Table 35: continued. 

Elementary functions Coefficients | Elementary functions _ Coefficients 
C7(g,8 3 (q.€) cı (g.€) 

c 1 0.1185765-107! [e 1 0.4333882 - 10 
; ql 0.1556412 - 1072 | w g? 0.1503665 

q} —0.4872161 - 1073 g —0.2085311 - 1071 
& 4 0.4232978 - 1071 |£;, 4?/(£?+0.75) —0.1870607 - 10 

E —0.2872173 - 1073 PE +0.75) —0.7103387 
Xi q°€ —0.2451944 . 107? | x; €*gq”/(€? +0.75) -—0.5758677 

gn —0.5240982 - 107? Bg / +0.75) — 0.6802547 
dn 0.1487717 - 107? Pg /(€* +0.75) — 0.1358236 
- = Bg /(6* + 0.75) —0.1916098 

2 (g, €) ca (g,€) 
c 1 —0.2660590 - 10? eus s 

n g —0.1144385-10° | w @* —0.1059248 
qg 0.1097780 q° —0.3559731 - 107? 

& V)€+0.75)? 0.1138729-10° } *® —0.8836935 
9 /(£ +0.75)? —0.1082939 . 10° 

Xi Pq*/(€+0.75)? 0.1131664-10* |x; — a 
Pq?/(€+0.75)3 —0.1732358 - 10? - a 
€?*g*/(€+0.75)? —0.1609370 - 10* S R 
Pg / +0.75) 0.3026670 - 10 - - 

Control values: with Q*? =2,5, £* =0.35, T* = 2.9 the correlations yield 

77 = 3.6491536, pf = 0.2415375, p’* = 0.5369483, p”* = 0.0233367, pz = 0.0562932. 

Table 36: Elementary functions w;, &, X; and their coefficients a;, B, Yı, as well as con- 

stant c for the correlations T* (4*?, L*), p} (w*?, L*), Cı (w**, L*) to CY (D 

and cı (w*2, L*) to cs (@*2,L*). Notation: £ is L*, m is *, aı = m+388, 

a =m+70, a =01+E, a =01+P, o =0.11+E, a = 0.21 S 

a7 =£+0.4, and a = € +0.75. 

! Elementary funetions Coeflicients Elementary funetions Coefficients 

T: (m;£) [ p (m,€) 
&@ A 0.1454013-10' |c 1 0.3157828 ; 

%i m/ai? 0.1363894 - 10° | i m/aı? 0.9871123 - 10 

m?/ay? 0.2020243 - 10* m?/a;? —0.1461751 - 10° 

& 1/as 0.3269772 & /as —0.1475616 S 

1/a4 0.4910240 - 107} f° /a6 —0.4152214 - "'‚ !! 

Xi m/(a1?-a3) 0.4239005 - 10° | xi m/a‚2-ezgaa -a.m1ms.tz‚4-ig2 

m*/(a1* - a3) 0.6724083 - 10° m2 /ay? - /as o.4wsss; : S 

m?/(a;? - a4) 0.7913876 - 107 m?/ay? : P Jas 0.5299302 - 
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Table 36: continued. 

Elementary functions Coefficients J_Elemeutary functions Coeffcients 

Cr (m.7) C7m. D 
e 01 0.2951644 LA 0.6484789 - 10-! 
; m2/as? —0.6339151 %; m?/as? 0.7301440 

m® /a2? 0.3182745 - 10! m3 /as3 —0.8780100 - 10 
& Pıg —0.2359527 E E —0.6551324 

e 0.5466755 P 0.1810641 - 10* 
Xi m?/az?- E /ar 0.1449170-101 |x; m?/as?-E*.e® 0.4808117 - 10° 

m* Jaz* -# /a;? —0.1955388 m* Jas* P - et 0.1937455 - 10' 
m> /a2?-P/ar — —0.5849357 - 10 m?/a2? B —0.1320822 - 10? 

C m;£) C (m,£) 
en —0.7258204.102 ] e 1 —0.5486341 - 107? 
%; m2/az? —0.6215183 r m2/as? 0.1223952 - 10' 

m* /az? 0.4708560 - 10! m3 /ao? 0.1350701 - 10! 
E& B 0.4316296 & Pjar? 0.2479957 

S —0.1166922 . 101 Jar —0.1684560 
X: m/ay”-£P/a7? —0.2215021-10? | x; m/aı?:E/a7? — —0.1956742 - 10? 

m*/ay*-EP/az? —0.7803181 - 10? m?/ay*-P?/a7? —0.2289032 - 10° 
m/a -# /az —0.5735507 m?/ay3 B /ar 0.7221121 - 103 

C7D cı (m,£) 
.9 0.2574709 - 1071 e 1 0.4411718 - 107 
%i m/ay? —0,2940407 - 101 | %; m/ay? 0.4575129 - 103 

m* /as} —0.1008706 - 10? m2/as3 02469929 - 101 
& P/ar? —0,9426323 - 1071 |£&; &/ar7? —0.2016356 - 10 

{° fa 0.1108324 Jar D.4346103 
X: m/ay?- E /a7? 0.2543158-10* | x m?/ay?-E/a7? 0.9787962 - 10° 

m* jay? * /a7? 0.5987224 - 10° m*/ay? - Pfaz 0.2467171 - 10* 
m?/a,?-£/a7 — -—0.6511462 - 10% z & 

C (m! £) cflm‚ £) 

Za —0.2686327-10? |c - - 
%x m/a? —0.3428826 - 101 | ı; m/aı? —0.5264689 - 10° 

m* /ay? —0.8720808 - 105 m2 /a? 0.6782756 - 10 
& Pfos? 0.1275315-10% | ; 0.1812550 
fa —01393077 - 107 E x 

Xi m/ai?-E/ag? 0.7248855-10% | x# — < 

m fay? P /ag? 0.5715498 - 10° - - 
m?/a,* -# /ag? — —0.7433962 - 10° - n 

Control values: with ** = 10, £* = 0.35, T* = 3.4 the correlations yield 

T7 =4.3461035, pf = 0.2279013, p’* = 0.5325071, p”* = 0.0150705, p*, = 0.0416502.
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Appendix E _ Details on the choice of the model type 
For monatomic fluids, i,e. the noble gases neon, argon, krypton, and xenon, the spherical 
unpolar Lennard-Jones model was used. Neglecting the only weak octupole of methane, 
also an unpolar Lennard-Jones model was chosen for that fluid. For these fuids the 
adjustment. of the Lennard-Jones parameters according to Equations (132) to (134) was 
carried out. with the vapor pressure and saturated liquid density correlations for the 1CLJ 
model fluid p} (T*) and p'* (T*) from Lotß et al. [234], as they yield slightly better results 
than the present global correlations for Q*? = 0 or u*? = 0 with L* =0. 

For symmetric diatomic quadrupolar molecules, ie. oxygen. nitrogen, and the halogens 
fluorine, chlorine, bromine, and jodine, all-atom 2CLJQ modeling was evidently a good 
choice. 

For other symmetric quadrupolar fluids, that are the rotationally symmetric carbon 
dioxide, carbon disulfide, and ethyne, the planar symmetric ethene, perfluoroethene, per- 
chloroethene, and propadiene, and also ethane and perfluoroethane, united-atom model- 
ing was assumed. United-atom modeling means, that each of the two Lennard-Jones sites 
Tepresents groups or parts of bonded atoms. 

In the sense of united-atom modeling. two-center Lennard-Jones based models are 
also justified for fluids like tetrafluoromethane, tetrachloromethane, or sulfur hexafluoride. 
Quadrupolar modeling was chosen for these Auids in order to verify to which extent the 

quadrupole, as the polarity “closest” to the octu- or hexadecapole of these molecules, is 
able to account for these higher polarities. 

The multipolar fluids modeled in the present work are at least both dipolar and qua- 
drupolar, and additionally in some cases even octupolar [132]. Symmetric and unipolar 
2CLIQ and 2CLJD models were developed for these fluids. The application of these 
Symmetric unipolar molecular models to asymmetric multipolar molecules is a considerable 
but justifiable simplification. Despite the simplification, a physical interpretation Df_ b 
model parameters is still possible, as important contributions of the molecular intere_actwfls 

are still accounted for. Criteria for deciding between dipolar or quadrupolar modeling are 

discussed hereafter. 

Halogenated methane derivatives are considered first. 

® Methane derivatives with a single halogen substitute: The ha.log('an substit(;te 111; R41 

(CH3F}, CH;CI, CH;Br, and CH3I causes di- and quadrupolarity. The 
dipole mo- 
’H3l, the mentum decreases slightly from about 1.8 D for R41 to about Ä5f D }?l}if3aßout 

quadrupole momentum inereases considerably from about 0 DA for 

5 DÄ for CHz3I [132]. Therefore, 2CLJD modeling is reasonable for R41 aäjti CI;I;S_ 

Despite the strong quadrupole, 2CLJD modeling was also_ used for thä: sd C;‚5 M 

erably dipolar CH3Br and CHgzI. The model parameter / 5 not steadi _'ir ff everg 

for tlinse four fluids, as it has to compensate for the lacking qu@ui;eäa;w ; its value of roughly 2 D is still reasonable compared to the experimen! l
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e Methane derivatives with two identical halogen substitutes: For these fluids (R32 

(CH2F»), CH,Cl2, CH2Br2, CH,I,) parameters for the spherical Stockmayer fluid 

are given. It is not reasonable to apply the present 2CLJD model with L > 0 to 

these fluids, as they would require a dipole orthogonal instead of parallel to the 

model’s elongation. Elongated 2CLIJQ modeling can be reasonable for the larger 

molecules, ie. CH2Cls, CH,Bro, CH2I;. Indeed, as an alternative to the proposed 

2CLJD model an accurate 2CLJIQ model was found for CH2Bro, cf. Tables 9 and 

10. For 2CLJQ modeling of CHolz reduced squared quadrupole momenta Q** > 4 

would be needed. Therefore only a 2CLJD model is given in Table 10. 

e Methane derivatives with three identical halogen substitutes: Shape and polarity of 

these fluids (R23 (CHF3), CHCl;, CHBr3) are difficult to describe with the 2CLJD 

or the 2CLJQ model. Although the reduced elongation L* = L/g of the 2CLJD 

models for these fluids are somewhat, too large - one would expect more compact 

models - they yield a good description of the vapor-liquid equilibria. 

e The remaining methane derivatives: These fluids are R11 (CFC13), R12 (CF„Cl,), 

R13 (CF3C1), R13B1 (CF3Br), R22 (CHF2CI1), CH,BrCl, CHFCl,, CBr,F2, CBrCIF2, 

and CBrCls. The size differences of the halogen substitutes makes it casy to jus- 

tify united-atom modeling with two-center Lennard-Jones based models. The equal 

size of the Lennard-Jones sites is oviously a simplification. Again, only the dipo- 

larity of these fluids was modeled. Typically, the molecular dipole vector will be 

inclined to the model’s elongated axis. The axial dipole vector of the 2CLJD model 

is considered here as a projection of the molecular dipole vector on the model axis. 

Generally, for halogenated methane derivatives 2CLJD modeling was chosen, as results 

from 2CLJQ modeling generally yielded less convincing results. 

Next, halogenated ethane and ethene derivatives are considered. 

e Ethane/ethene derivatives with only one kind of halogen substitute: The resulting 

dipole vector of molecules whose halogen substitutes are located on one side of the 

molecule only (R125 (CHF2—CF3), R134a (CH2F-CF3), R143a (CH3-CF3), R152a 

(CH3-CHF>2), CH,F-CH3, CHCL—CH3, CH,Br-CH3, CHBr2-CH3, CHF=CH2, 
CF2=CH2, CHCI=CH;) or whose halogen substitutes are asymmetrically distributed 
on both sides of the molecule (CHC1-CH,Cl, CH;CHCCl;, CCl-CH3), has an axial 

component that justifies 2CLJD modeling. As an exception, 2CLJQ modeling of the 

only weakly dipolar fluid CCL=CHCI1 was more accurate than 2CLJD modeling. 1£ 

the halogen substitutes are symmetrically distributed on both sides of the molecule 

(R134 (CHF,-CHF>»), CH2Br-CH-Br), the axial component of the resulting molec- 
ular dipole vector disappears and, therefore, 2CLJQ modeling is reasonable. The 

molecules CH,F-CH,F, CH,;CHCH,Cl, CHCL-CHC, and CHBrz-CHBr, would
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fit in this latter category, but models are not given in the bresent. work for these 
Auids, as, in these cases, 2CLJQ modeling would require quadrupole momenta or 
elongations higher than those available in the present 2CLJQ correlations. 

Fluorinated-chlorinated ethane/ethene derivatives: 2CLID modeling is justified due 
to sufliciently high dipole momenta caused by asymmetry when i.) the halogen 
substitutes are found on one side of the molecule (R141b (CH3-CFCl2), R142b 
(CH3-CF>2C1)), ii) Auorine is found on one side and chlorine on the other side of. the 
molecule (R123 (CHC17-CF3), CH,F-CCh;, CHCI=CF)s), ii) Auorine is found on one 
side and the other side has substitutes with not more than one fluorine atom (R124 
(CHFCI-CF3)), iv) chlorine is located on one side of the molecule, the other side has 
fuorine or chlorine substitutes (CCl;-CF;zCl). For R115 (CF2CI-CF3) it was more 
reasonable to choose the 2CLJQ model. As an exception, for the weakly dipolar 
Auid CFCI=CF, 2CLJD modeling yields better results than 2CLJQ modeling. For 
other fAuorinated-chlorinated fluids (R113 (CFCL—CF2C1), R114 (CFoCI-CF2C1), 
CFC1,—CF,CI1) dipole momenta are weak and strong quadrupole momenta can be 
expected, so 2CLIQ modeling was used. 

Fluorinated-brominated ethane/ethene derivatives: Rules similar to Auorinated-chlo- 

rinated ethane/ethene derivatives applyv. In analogy to R114 (CF2CI-CF-+Cl), a 
2CLJQ model is justified for CBrF2—CBrF2. Similarly to CFC1=CF;, 2CLJD 
modeling of CFBr=CF- yields better results than 2CLJIQ modeling. 

Fiuorinated-chlorinated-brominated ethane derivatives: Rules similar to fiuoriuateä 

Chlorinated ethane/ethene derivatives apply. A 2CLJD model was used for the fiui 

CHCIBr-CFs. 

Overall, 2CLJD modeling was chosen for most multipolar fluids, due to thzhb;t:]ff 
* . z 

e 
description of thermophysical properties. This finding is supported DE fao;:; f i;nter- lowest non-disappearing multipole momentum usualiy dominates tlhıe electrostatie 
actions of a given molecule, cf. [305].



200 APPENDIX F EXPERIMENTAL DATABASE 

/ T Appendix F Experimental Database 

| 
| 
;‘ Table 37: Experimental database for vapor pressures p„, saturated liquid densities p‘', 

and euthalpies of vaporization Ah, used in the present work. 

Fluid D 9 Abhy — Fluid A N 
Ne [264] [55] [67] Ar [376] [376] [376] 
Kr [67] ([55] 67 Xe [67] [55] [67] 
CH; [354] [354] [354) F [264] [55] [67] 
Cl [329] [55) 671 Br [67] [353] [67] 
n 167] 155) [67] Na [157] [157] [157] 

/ O2 [352] [352] [352] CO2 871 [871 87 
M C8; 671 67 5l — CM 115) 0115) 1215 

CyHs [158] [158] [158] C2H2 [318] [67] [67) 
C2Fe (188] [188] [188] CaFs4 829) [67] [67] 

LT CCl 329 [67] ([67 Propadiene [67] 1[55] [67] 
MT SFe (67] [671 [67] _ Ea [320] (320] [320] 

CCl [264] [67] [110) CO [209] [209] ([209] 
A Rıl [156] [156] [156] Rı2 [258]. [258] [258] 
MM R13 1248] [248] [248] _R13B1 [67] [67] [67] 

R22 [167] [167] [167] R23 [317] [317] [317) 
R32 j393j {393] [393] RA1 [145) 1145) [145] 
R113 [258] 1[258] [258] Rll4 [329] [671 [67] 

I M R115 [154] [154] [154] ı23 [444] [444] [444| 
{ R124 [79) {[79] ([79] Rı25 [207] [z07] [207] 

| R134 j67 167 167 R134a [392] ([392] (392] 
IM R141b [210] [210] [210] _ Rı42b [211] [211] [211] 

ME R143a [208] [208] [208] R152a [311] B11l] ([311] 
M R161 jör) 1671 167 CH3C1 [329] [67] [67] 
AT CHsBr [67]. [67] ([67] CH3I [67] ([67] _ [67] 
A CH,C1, {353) [67] [67] CH;Br2 67 1671 167 
SA CHalz [67] [67] I67) CH.2CIBr [671 [67] ([e7 
A CHC13 [67] [67] 67l CHBrz 67 l67] ([67] 

| CHFC12 [67] [67] [67) CFoBr2 671 167 . 167] 
CF2CIBr 167] . . 167). _ [6%7 CClBr [67] [67] [67] 
CHCL-CH; [67] [67] [67] CHCl-CH2C1 [329] [67] [67] 
CCL—CHz [329] [55] [67] CCL—CH2C1I [67] 1[67] I[67) 
CH2Br-CH3 {67] 1[55) [67) CH,Br-CH,Br [329] [67] [67] 
CHBr2-CH3 [67] [67] [67] CCl;-CH,F [67] [67] [67] 
CHCIBr-CF, (67] 1{671 |[671 — CCM-CF2C1 . {67) ({67] _ [67) 

M CF2Br-CF2Br [329] [67] [67) _ CHF-=CH2 — [329] [67] I[67 
{ CFa-CH, [3291 [671 [l _ CHCECH, {320] [r 6M 
A CCL=CHCI [329] [67] [67] CHCECF;, [67) [67]) [67] 

Propylene [5] [5] (5] Propyne [329] _ [55] _ [67] 

|L CFCI=CF, [329] [67] 67 CFBr=CF; 671 (671 erl 
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Appendix G Sign of the Quadrupole Momentum 
For several pure Auids the sign of the momentum Q of the elongated point quadrupole in 
the 2CLJQ potential function, cf. Equation (183), was determined. The momentum Q 
is the component Q,; of the quadrupole tensor Q of a symmetric elongated quadrupole. 
This type of quadrupole consists of the charges g, —2g, q at, distances a along the z-axis. 
With the origin of the (z, y, z)-coordinate system located in the central —2g charge, the 
charge density p(z, y, z) of that quadrupole is given by 

P(z,y,2) =g-Ö(x) - Ö(y) - (ö(z — a) — 26(z) + ö(z + a)), (273) 
wherein Dirae d-functions are used, and its quadrupole tensor is [150, 305] 

—% M 0 0 

Ü 0 QZZ 

wherein 

Qzz = 490° (275) 

Equations (273) and (275) show, that Q, > 0 for q > 0, Le. charge arrangement + — ——+, 
and ,, < 0 for q < 0, ie. inverse arrangement — + +-—. Consequently, the sign of Q 
S determined when signed values for Q, are available from experiment, calculation, or 
estimation. 

Signed values of Q, from experiment are available from Gray and Gubbins [132] ftfld 

from Stogryn and Stogryn [377] for the symmetrie molecules fuorine, chlorine, bromine, 
iodine, nitrogen, oxygen, carbon dioxide, carbon disulfide, ethane, ethene, ethyne, and 

propadiene. These signs of Q,; were adopted as signs of the model parameter Q for these 

fluids, cf, Table 8. 

For the perhalogenated molecules C,F;, C,Cly, and CFg the signs of Q,, were deter- 
mined with the bond dipole method [94], that yields Q,; < 0, and thus Q < 0, f°‘f _thäe 
three molecules. This result is physically reasonable due to the high electroneg:#mty of 

fluorine and chlorine atoms. For propyne, the bond dipole method yields a negative value 

f Q:2 <0, ie. Q <0. 
In the (;350Q0f propylene, R113, R114, R115, R134, ('.‘-H21_3r2‚ CH2BI—CH3B}. 

CBrF2-CBrF;, and CCL=CHCI, whose molecular charge distributions are asymme! ff:; 
the description of the quadrupole tensor requires two principal quadrupf)le n:’°m‘ilnt*;' 8 
°xample Q,> and Q::, with Qyy = — (Qzz + Qzz), that can be determined by ;eecal°cu . 
dipole method. However, only a squared effective quadrupole m"“'.e'lt“m Can  refore 

lated in these cases, which is useless for the determination of the Sl.g1.1 of Q. Ted‘?;i ‘:;ß- 

the influence of the sign inversion on vapor-liquid equilibria was empirically test 
°xample of propylene as described in Chapter 6, cf. also Table 28. 

C
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Appendix H CAS Registry Numbers 

Table 38: CAS Registry Numbers (CAS RN) for the fluids modeled in the present work. 

Fluid CAS RN Fluid CAS RN 

Neon (Ne) 7440-01-9 Argon (Ar) 7440-37-1 

Krypton (Kr) 7439-00-0 Kenon (Xe} 7440-63-3 
Methane (CH4) 74-82-8 Fluorine (F2) 7782-41-4 

Chlorine (Cl1,) 7782-50-5 Bromine (Br2) 7726-95-6 

Todine (12) 7553-56-2 Nitrogen (N2) 7727-37-9 

Oxygen (O,2) 7782-44-7 Carbon dioxide (CO»2) 124-38-9 

Carbon disulfide (CS2) 75-15-0 Ethane (C,He) 74-84-0 

Perfluoroethane (C,Fg) 76-16-4 Perfluoroethene (C,F41) 116-14-3 

Perchloroethene (C,Cl.) 127-18-4 Propadiene (CH2=C=CH2) 463-49-0 

Sulfur hexafluoride (SF6) 2551-62-4 Tetrafluoromethane (CF4) 75-73-0 

Tetrachloromethane (CCla) 56-23-5 Carbon monoxide (CO) 630-08-0 

Rl1 (CFCl) 75694 R12 (CF.Ch) 75-71-8 
R13 (CF4C1) 75-72-9 R13B1 (CF3Br) 75-63-8 
R22 (CHF,CI) 75-45-6 R23 (CHF3) 75-46-7 
R32 (CH,F2) 75-10-5 R41 (CH3F) 593-53-3 
R113 (CFCL—CF2CI) 76-13-1 R114 (CF2CI-CF;CI) 76-14-2 

R115 (CF2CL-CF3) 76-15-3 R123 (CHCl—CF3) 306-83-2 

R124 (CHFCHCF3) 2837-89-0 R125 (CFs-CHF2) 354-33-6 

R134 (CHF2-CHFs) 359-35-3 — R184a (CF3-CH,F) 811-97-2 
R141b (CFC1,-CH3) 1717-00-6 R142b (CF2CHCH3) 75-68-3 
R143a (CF3-CHg3) 420-46-2 R152a (CHF2-CH3) 75-37-6 

R161 (CH,F-CH3) 353-36-6 CH:CI 74-87-3 

CH3Br 74-83-9 CH3al 74-88-4 

CH2Ch 75-09-2 — CH>Bra 74-95-3 
CH2lz 75-11-6 CH2CIBr 74-97-5 
CHClz 67-66-3 CHBrz 75-25-2 

CHFC1I 75-43-4 CFaBr2 75-61-6 

CF2CIBr 353-59-3 CClBr 75-62-7 

CHCL-CHz 75-34-3 CHClh-CH;CI 79-00-5 

CCla-CHz 71-55-6 CCL—-CH2C1 630-20-6 
CH2Br-CHs 74-96-4 CH>Br-CH2Br 106-93-4 
CHBr2-CHz 557-91-5 CCl3-CH,F 27154-33-2 
CHCIBr-CFz 151-67-7 CCi3-CF,C1 76-11-9 

CF2Br-CF£Br 124-73-2 CHF=CHz;z 75-02-5 

CF2=CH2 75-38-7 CHCCH; 75-01-4 
CCL=CHCL 79-01-6 CHCI=CF; 359-10-4 

CFCI=CF2 79:38-9 CFBr=CF;2 598-73-2 
Propylene (CH2=CH-CHs)_ _ 115-07-1 Propyne (CH=C-CH3) 74-99-7 
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Appendix I Optimization Method 

The tuning of parameters of molecular models for accurate deseription of thermophysical 
properties can be a tedious task, for which methods are necded, that allow a systematic 
model optimization. Beyond grid search algorithms, further methods have been suggested 
for that purpose. 

Njo et al. [304] applied the weak-coupling method for model parameter optimization. 
This method allows automatic optimization of model parameters during a molecular sim- 
ulation run by coupling the time derivatives of these model parameters to the deviation 
of a thermophysical property from its speeified value. Though good for fine tuning, prob- 
lems occur when the considered thermophysical properties, for example the pressure, the 
density, the internal energy, or the chemical potential, are significantly influenced by more 
than one model parameter, which is generally the case. Moreover, the weak coupling 
method was not extended to optimization at more that one state point, and it was not 
yet applied to phase equilibrium states, 

A robust and widely used algorithm is stochastic simplex optimization, cf. for example 
the work of Faller et al. [96]. Stochastic simplex optimization shows slow but stable 
convergence and is convenient to automatize, but, due to the stochastic advancement, it 
does not take advantage of the knowledge about the model. Thus, this method would not 
allow to make use of knowledge gained from 2CLJD/2CLIJQ-modeling, 

Further optimization methods rely on genetic algorithms and neuronal networks [155, 
425], which are claimed to be particularly efficient for high-dimensional optimization prob- 
lems. 

In the present work, a method based on sensitivities, that quantify the influence of 
model parameters on the thermophysical properties, is used for the optimization of the 

parameters of the models of ethylene oxide and methanol. The present method has 
many similarities with that suggested by Ungerer at el. [397], that later was modified 
by Bourasscau et al. [27]. 

The optimization method relies on a least-squares minimization of a weighted fitness 
function F, that quantifies the deviation of thermophysical properties calculated £r.0m 

a given molecular model compared to experimental data. The weighted fitness function 

writes as 

d 

F z Z _14—2 (Aisim (Mö) — Arep) ” 
(276) 

d F (6Ai.sim) 

Ü ; set wherein the n-dimensional vector Mg = (mo1: « Mon) IS a._short-cut nota.t:® f1(1’11;t]120us 
Of n model parameters mo1,...,Mon to be optimized. Equation (276) allows sim A n ihe 
adjustment, of the model parameters to different thermophysical l)l'_013011«""S ra(tu;rm ) 
Present work: saturated liquid densities p’ and vapor pressures p, at Varl;;us tempeweighted- 

The deviations of results from simulation A;sim to experimental data A;.xp are Weight 
With the expected simulation uncertainties dA;sim- 



204 APPENDIXI OPTIMIZATION METHOD 

Correlations of experimental data of the saturated liquid density and the vapor pressure 

were used to obtain values for pfn and Pogexp- The influence of the fluctuations of 

simulation data on the optimization process was damped by using in Equation (276) 

temperature dependent, smoothing correlations for p’ and p„ according to Equations (123) 
and (126), which were adjusted to the saturated liquid densities and vapor pressures from 

simulation. 

The optimized model parameter set Mopyı = (Mopt11;---,Moptin) IS found from mini- 

mizing the fitness funetion (276). For that purpose, the unknown functional dependence of 

the property A on the model parameters is replaced by a first order Taylor series developed 

in the viecinity of the initial model parameter set Mg 

6A1 ‚m 
Aıa (Mopt) = Aisim (MD) E Z (mOPÜJ R mÜJ) (277) 

I=1 

The partial derivatives of A; with respect to each model parameter m; are the sensitivities, 

that indicate the influence of the model parameters on the thermophysical properties. The 

sensitivities are approximated by difference quotients 

AAi‚sim Z Atstrn (ml]1 ----- mo‚+Am„ ‚m0n)_ i,sim (m[11 ----em'fln) (278) 

Amj Am‚ i 

With this approximation the minimization problem becomes 

Aj4‘l. ‚Sim 

d 2 
1 38 \ 

= 7 z 5 | Assim (Mo)+ Z (Mopt1j - Mozj) — Aiexp] = min. (279) 
i=1 (6441.51m) 

The sensitivities are evaluated by the means of molecular simulations with z modified 

model parameter sets. The condition of Equation (279) is fulfilled when 

ÖFapp E 

opt1 j 

0. (280) 

Equation (280) is a system of n linear equations that yields the optimized model parameter 

set M opt- 

Generally, further improvement of £the model parameter set Mop1 is possible by re- 

iterating the optimization on the basis of the model parameter set obtained from each 

iteration step. As the evaluation of the sensitivities by the means of molecular simula- 

tions is the time consuming step in cach iteration, it would be convenient to evaluate them 

with the use of simulation results from previous iterations. To allow this, further itera- 

tions should, whenever possible, not be done with normal sensitivities, Le. sensitivities 

due to the variation of only one model parameter, but with transformed sensitivities, 1e- 

sensitivities due to £he simultaneous variation of all model parameters. For the case of 

two model parameters m, and m2 (n = 2), this approach is explained here and illustrated
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in Figure 72. In the two-dimensional parameter space, Figure 72 shows the model param- 

eter set Mg and the two model parameter sets M, aud Ma needed for the evaluation 

of the normal sensitivities along the vectors sı and 82. The model Meopy1 resulted from 
the optimization of model Mg on the basis of these normal sensitivities. If the optimiza- 

tion of model M opı1 was continued on the basis of normal sensitivities, time comsuming 

molecular simulation with the model parameter sets M3 and M4 would be required in 

order to evaluate the normal sensitivities along the vectors s3 and s,. In contrast, the 

optimization of model Moyı on the basis of the transfarmed sensitivities along the vec- 

tors t, and £2 reuses the results for models M, and M, and, thus, avoids a multitude of 

molecular simulations. In this case, the minimization problem is not solved in the original 

parameter space, but in the (£,.t2) parameter space described by the vectors £, and £2 

with origin in Mopt1- The resulting parameter set Men = (0 91 06.422) IN the (E,t2) 

parameter space is easily transformable to the original parameter space, The superscript 

“t” indicates, that the parameter set is described in the (£,, £2) parameter space. 

It is clear from Figure 72, that in the (£,,£2) parameter space, it is 

M f5pu = 0, @0 

Mı = %, — 

and the variations Am; of the model parameters become equal to unity. Therefore, with 
model parameter sets expressed in the (tz, £2) parameter space, the approximated Taylor 
series, cf. Equations (277) and (278), becomes here 

2 

Assim (Miıız) = Asrsim (0') + 57 [Assim(£;) — Atsim(0*)] - Gopt2z- e opt2 

1 

As the properties A do not depend on the choice of the model parameter Space, Equation (284) 

can conveniently be rewritten in terms of the original model parameter space 

2 { (285) Assim (Moptz) = Aisim (Mo) + E (Aism (M};) — Aisim (Mo)] * @pi2j> 

g 

i tion (285 wherein the new parameters a are in the (£,, £2) parameter space. With Equation (285) 

the optimization problem becomes 
2 

ö 2 : An 286) _1 1 « sim (M}j) — Aisia (Mo)] '“upt2.f) n 

Which is fulfilled when 

OFa (287) 

f 
Öfl„pt2 F 

A0
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Equation (287) is a system of 
linear equations that yields £he

 optimized model parameter 

set Menız = (abpt21> Coprz2) In the
 (£ı,£2) parameter space. The par

ameters ae„:21 and 

abpez2 are transformed to the orig
inal parameter Spac® M opt2 = (M

opt21: Mopt2 a) by 

N 4 
Moyiz = Mo+ 0ogtz101 * Copt2 af2 

M0+“iptzl'(Ml'MO)+at»
ptzz‘(M2'*Mi))- 

(288) 

M2 M2 z 

Mop2 z "/° [ —\ 

E E 
Mo2T M 7 

| / 
Mgı Mgı ı Mopi2 1 Mı 

Figure 72: Optimization of two
 model parameters mı and m2 (L

e. n =2) in the original 

parameter space and in the (t,,
 t1) parameter Space. 

The generalization of Equations
 (283) to (288) to the case of n

 model parameters 15 

straightforward. 

Note, that the optimization in the
 (£,.£2) parameter space is only po

ssible, when the 

unit vectors £; form a complete c
oordinate base in +he mödel para

meter space. Otherwise, 

at lcast one new sensitivity analysis
 per pair of collinear vectors must be 

performed. Figure 

72 shows such a situation after t
he second iteration, that yielded

 the model parameter 

set Mopız- The vectors pointing from Me
optz to Mı and to M7 are almost colli

near. For 

continuing the optimization of Ma
nız it is therefore advicable to e

valuate for this model 

parameter set at lcast one new sensiti
vity in t{he original parameter Space, 

Provided that a physically reasonable m
odel structure has been chosen and th

at suf- 

fciently accurate simulation methods
 are available, this optimization metho

d is good for 

improving coarse molecular models a
nd for fine tuning of model paramete

rs and can yield 

molecular models that describe the d
esired thermophysical properties wit

h high accuracy- 

This method shows rapid convergence.
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Zusammenfassung 

Die Entwicklung neuer Schlüsseltechnologien im 21. Jahrhundert, wie der Biotechnolo- 
gie, der Nanotechnologie, den Werkstoffwissenschaften oder der Pharmakologie zwingt die 
Verfahrenstechnik zur beschleunigten Entwicklung neuer Verfahren für die Herstellung, 
Wandlung und Entsorgung einer stetig steigenden Zahl neuer Substanzen und Materi- 
alien. Dabei werden Fragestellungen wie die Suche nach optimalen Lösungsmitteln oder 
nach effizienteren Katalysatoren, und vor allem die zuverlässige Vorhersage von thermo- 
physikalischen Stoffeigenschaften gehäuft unter hohem Zeitdruck zu beantworten sein. 

Weiterhin setzt. die rechnergestützte Abbildung und Optimierung nanoskaliger Prozesse 

deren Verständnis auf molekularer Ebene voraus. 

Nicht zuletzt aus Kostengründen kann diese Entwicklung nicht ausschließlich mit ver- 

mehrter Laborarbeit bewältigt werden. Vielmehr wird sich die Verfahrenstechnik rech- 

nergestützter molekularer Methoden bedienen müssen, um mit dieser Entwicklung Schritt 

halten zu können. Die Schwerpunkte in Forschung und Lehre werden von dieser Entwick- 

lung beeinflusst werden und verstärkt interdisziplinär orientiert sein. Im internationalen 

Umfeld hat diese Entwicklung bereits seit mehreren Jahren eingesetzt. 

Vorgänge auf der molekularen Ebene werden mit diesen Methoden in virtueller Realität 

fassbar und nachvollziehbar. Sie bahnen damit den Weg zum bildlichen Verstehen von 

Stoffwandlungsvorgängen auf elementarer Ebene und leisten damit einen wichtigen Beitrag 

zur Entwicklung optimierte Modellierungsansätze für verfahrenstechnische Grundoperati- 

onen. 

Weiterhin wird die Bedeutung molekularer Methoden in der Vorhersage thermophysi- 

kalischer Stoffdaten von Mischungen liegen, die für die Entwicklung und Optimierung von 

Gesamtverfahren unerlässlich sind. 

Zahlreiche Anwendungsbeispiele aus der Industrie belegen bereits heute, dass das 

Potenzial molekularer Methoden erkannt ist und sie sich zu einem unverzichtbaren Werk- 

zeug in der praktischen Anwendung entwickeln. 

Die vorliegende Arbeit befasst sich mit der Vorhersage thermophysikalischer Stoffdaten 

realer Reinstoffe und Mischungen mit Hilfe molekularer Simulation. Üblicherweise werden 

zur Beschreibung der Stoffdaten von Mischungen Zustandgleichungen, wie beispielsweise 

die Peng-Robinson- oder die Soave-Redlich-Kwong-Zustandsgleichung oder Modelle der 

Freien Exzessenthalpie GE verwendet, die zwar hervorragende Korrelationswerkzeuge für 

experimentell ermittelte Stoffdaten sind, aber bekanntermaßen Schwächen bei der Stoff- 

datenvorhersage zeigen. Dies gilt in besonderem Maße, wenn, wie es in der industriellen
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Praxis häufig der Fall ist, nur eine schmale experimentelle Datenbasis zur Ermittlung der 

Modellparameter zur Verfügung steht. Die Weiterentwicklung dieser Methoden erscheint 

wenig aussichtsreich. Dagegen stellt molekulare Modellierung und Simulation in der Ver- 

fahrenstechnik einen vielversprechenden Weg mit hohem Entwicklungspotenzial zur zu- 

verlässigen Stoffdatenvorhersage dar. Die molekulare Simulation ist gegenwärtig die am 

häufigsten angewandte molekulare Methode, die ein hohes Weiterentwicklungspotenzial 

mit Flexibilität bei vertretbarem Rechenzeitaufwand verbindet. Um mit Hilfe moleku- 

larer Simulation Stoffdaten quantitativ berechnen zu können, sind sorgfältig parametrierte 

Modelle der molekularen Wechselwirkungen von Reinstoffen und Mischungen erforderlich. 

Die Entwicklung solcher molekularen Modelle ist im allgemeinen ein sehr zeitaufwändiger, 

nicht systematisierter Prozess, so dass ein Mangel an technisch brauchbaren moleku- 

Jaren Modellen besteht. Im wesentlichen hierdurch wurde bislang die breitere Anwendung 

molekularer Simulation behindert. 

In der vorliegenden Arbeit wurden molekulare Modelle für eine große Zahl von nie- 

dermolekularen Reinstoffe und Mischungen entwickelt, die die Vorhersage von thermo- 

physikalischen Stoffdaten, insbesondere von Dampf-Flüssigkeits Gleichgewichten, mit tech- 

nisch interessanter Genauigkeit ermöglichen. Zu den in dieser Arbeit modellierten unpo- 

laren, quadrupolaren und multipolaren Reinstoffklassen gehören unter anderem Stickstoff, 

Sauerstoff, Ethan, Halogene, Kohlendioxid, Kohlenmonoxid und alternative Kältemittel. 

In dieser Arbeit wurde für viele Stoffe ein alternativer Modellierungsansatz gewählt, der 

von vereinheitlichten Modellklassen ausgeht und dadurch die effiziente Parametrierung 

molekularer Modelle für 78 Reinstoffe ermöglichte. Damit war es möglich, die für die Er- 

stellung der molekularen Modelle erforderliche Entwicklungszeit erheblich zu verkürzen. 

Durch ihre Kompatibilität sind diese Reinstoffmodelle für die Modellierung von Mischun- 

gen geeignet. Zu deren Beschreibung sind einfache Kombinationsregeln ausreichend. 

Die für die Modellierung dieser 78 Reinstoffe verwendeten Modellklassen sind das vier- 

parametrige Zwei-Zentren-Lennard-Jones-Fluid mit Punktquadrupol (2CLJQ) bzw. mit 
Punktdipol (2CLJD). Diese Modelle haben keine inneren Freiheitsgrade. Wie die Ergeb- 
nisse der vorliegenden Arbeit zeigen, reichen in vielen Fällen die Modellgeometrie und 
die Polarität dieser Modellklassen aus, um die molekularen Wechselwirkungen zwar stark 
vereinfacht, aber ausreichend genau zu erfassen, so dass das makroskopische thermody- 
namische Verhalten der hier modellierten Stoffe mit sehr guter Genauigkeit beschrieben 
werden kann. In reduzierten Größen haben beide Modelle lediglich zwei Parameter (die 
Entfernung der beiden Lennard-Jones-Wechselwirkungszentren und das Quadrupol- bzw.
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Dipolmoment), die die effiziente Ermittlung der thermophysikalischen Eigenschaften dieser 
Modellfluide als Grundlage für die Modellierung der realen Reinstoffe ermöglichten. Hier- 
für wurden empirische Korrelationen der Dampf-Flüssigkeits Gleichgewichte der 2CLIQ- 
und 2CLJD-Modellfluide in Abhängigkeit der Modellparameter und der Temperatur auf 
der Basis umfangreicher Simulationsdaten entwickelt. Mit Hilfe dieser Korrelationen wur- 
den die Modellparameter durch Anpassung an experimentelle Dampf-Flüssigkeits Gleich- 
gewichte der Reinstoffe spezifiziert. Für die modellierten Reinstoffe werden Ergebnisse 
aus molekularer Simulation diskutiert und mit Daten aus der Literatur verglichen. 

Neben dieser für Modelle mit. geringer Parameterzahl geeigneten Vorgehensweise wird 
in der vorliegenden Arbeit am Beispiel von Ethylenoxid und Methanol eine Methode für 
die Parametrierung detaillierterer molekularer Modelle diskutiert. 

Auf Grundlage der in dieser Arbeit entwickelten Reinstoffmodelle wurden moleku- 
lare Modelle für eine Vielzahl binärer Mischungen entwickelt. Hierfür wurde ein binärer 
Wechselwirkungsparameter in den Lorentz-Berthelot-Kombinationsregeln verwendet, der 

nach Anpassung an einen experimentellen Zustandspunkt der Mischung eine genauere 
Beschreibung der thermophysikalischen Eigenschaften der Mischung erlaubt. Ergebnisse 

aus molekularer Simulation werden für binäre und ternäre Mischungen mit experimentellen 

Daten und Ergebnissen der Peng-Robinson-Zustandsgleichung verglichen. 

Für die Berechnung der Dampf-Flüssigkeits Gleichgewichte von Reinstoffen wurde in 

dieser Arbeit die NpT + Testteilchenmethode verwendet. Dampf-Flüssigkeits Gleichge- 

wichte von Mischungen wurde mit der Grand Equilibrium Methode berechnet,, die zeit- 

gleich am Institut für Technische Thermodynamik und Thermische Verfahrenstechnik 

der Universität Stuttgart entwickelt wurde. Beide Methoden werden in der vorliegen- 

den Arbeit beschrieben. Die für diese Methoden erforderlichen molekularen Simulationen 

beruhten in dieser Arbeit auf der Molekulardynamik oder der Monte Carlo Methode, 

Für die NpT' + Testteilchenmethode und die Grand Equilibrium Methode müssen die 

chemischen Potenziale und die partiellen molaren Volumina in der simulierten Dampf- 

bzw. der Flüssigphase ermittelt werden. Hierfür wurde die Testteilcheneinsetzung und 

in einigen Fällen die graduelle Einsetzung verwendet, Obwohl der Rechenzeitaufwand 

für graduelle Einsetzung sehr hoch ist. gegenüber der Testteilcheneinsetzung, bietet sie 

gerade in schwierigen Fällen, wie etwa bei stark polaren großen Molekülen, den Vorteil, 

dass chemische Potenziale und partielle molare Volumina mit erheblich geringeren statisti- 

schen Unsicherheiten berechnet werden können. Die für die vorliegende Arbeit relevanten 

Beziehungen der statistischen Thermodynamik sowie die mathematischen Beschreibungen
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der molekularen Wechselwirkungen und die daraus resultierenden Kräfte 
und Drehmo- 

mente werden ausführlich dargestellt. 

Im folgenden werden diese einen skizzenhaften Überblick über die Arbeit verschaf- 

fenden Punkte näher erläutert. 

Für 30 2CLJQ- und 38 2CLJD-Modellfluide wurden in systematischen Studien mit 

Hilfe der NpT + Testteilchenmethode jeweils die kritische Temperatur, die kritische Dichte, 

die Siede- und Taudichten, die Siede- und Tauenthalpien und der Dampfdruck ermit- 

telt. Dabei wurden für die 2CLJQ-Fluide die reduzierten Elongationen L* = 0, 0.2, 0.4, 

0.505, 0.6, 0.8 und die reduzierten Quadrupolmomente Q —0, 1, 2, 3, 4 verwendet. 

Für die 2CLJD-Fluide wurden die Werte für die Elongationen auf 1 erweitert, für die 

Dipolmomente wurden die Werte u*? = 0,3,6,9,12 verwendet. Außerdem wurden die 

beiden 2CLJD-Fluide mit £* = 0.2 und u*? = 16, 20, sowie das 2CLJD-Fluid mit L*=0 

und u*? = 20 hinzugezogen. Langreichweitige Korrekturen der Dipolwechselwirkungen 

von 2CLJD-Modellfluiden wurden mit der Reaktionsfeldmethode berechnet. Für diese 

68 Modellfluide wurden Dampf-Flüssigkeits Gleichgewichte für Temperaturen zwischen 

55% und 95% der jeweiligen kritischen Temperatur berechnet. Für viele der hier unter- 

suchten 2CLJD-Fluide wurden bei der niedrigsten Temperatur durch Verwendung von 

gradueller Einsetzung zur Berechnung des chemischen Potenzials in der Flüssigphase die 

Dampfdrücke mit sehr geringer statistischer Unsicherheit bestimmt. 

Diese umfangreiche Simulationsarbeit diente der Verbesserung der Datenlage, mit dem 

Ziel, sie als Grundlage für die Entwicklung molekularer Modelle für reale Reinstoffe zu 

verwenden. Die Verbesserung der Datenlage zeigt sich daran, dass die Ergebnisse aus 

Zustandsgleichungen für die 2CLIQ- und 2CLJD-Modellfiluide aus der Literatur in vielen 

Fällen erheblich von den in der vorliegenden Arbeit bestimmten Simulationsergebnissen 

abweichen. Ursache für dieses Verhalten dieser Zustandsgleichungen ist die im Vergleich zu 

dieser Arbeit sehr schmale Datenbasis, die zur Beschreibung der dipolaren und quadrupo- 

laren Beiträge in diesen Zustandsgleichungen verwendet wurde. Die Dampf-Flüssigkeits 

Gleichgewichte der Modellfluide aus der vorliegenden Arbeit wurden auf thermodynamis- 

che Konsistenz überprüft und stimmen innerhalb der simulationsbedingten Unsicherheit 

mit Daten aus der Literatur überein. 

Ausgehend von den Simulationsergebnissen für die Dampf-Flüssigkeits Gleichgewichte 

wurden für die 2CLJQ- und 2CLIJD-Modellfluide aus empirischen Ansätzen globale Kor- 

relationsfunktionen entwickelt, die den Einfluss der Modellparameter auf die kritische 

Temperatur und die kritische Dichte, sowie den Einfluss der Modellparameter und der
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Temperatur auf die Siede- und Taudichten und den Dampfdruck beschreiben. Diese Korre- 
lationsfunktionen geben die Simulationsdaten mit. ausreichender Genauigkeit wieder. Mit 
der Entwicklung dieser globalen Korrelationsfunktionen wurden die Werkzeuge geschaf- 
fen, die in der vorliegenden Arbeit die effiziente Entwicklung molekularer Modelle für reale 
Reinstoffe ermöglichten. 

Mit Hilfe dieser globalen Korrelationsfunktionen wurden für insgesamt 78 reale Rein- 
stoffe 2CLJQ- bzw. 2CLIJD-Modellparametersätze bestimmt, indem über Fı ehlerquadrat- 
minimierung die kritische Temperatur und für mehrere Temperaturen die Siededichte und 

der Dampfdruck der Modellfluide simultan an experimentelle Daten der kritischen Tem- 

peratur, der Siededichte und des Dampfdrucks der Reinstoffe angepasst wurden. Diese 

2CLIQ- (bzw. 2CLJD-) Modelle erreichen typische relative Abweichungen zwischen Mo- 

dell und Experiment von 3% (4%) für den Dampfdruck, 0.5% (0.5%) für die Siededichte 

und 2% (3%) für die Verdampfungsenthalpie. Im Vergleich zu molekularen Modellen 
aus der Literatur beschreiben sie in vielen Fällen das Dampf-Flüssigkeits Gleichgewicht 

der Reinstoffe mit deutlich besserer Genauigkeit. Insbesondere die mittlere relative Ab- 

weichung des simulierten Dampfdrucks von experimentellen Werten ist in vielen Fällen 

um etwa eine Größenordnung geringer als bei molekularen Modellen aus der Literatur. 

Auch im homogenen Zustandsgebiet bei wesentlich höheren Drücken und Temperaturen 

als im Zustandsgebiet der Dampf-Flüssigkeits Gleichgewichte beschreiben die vorliegenden 

molekularen Modelle thermophysikalische Größen der Reinstoffe mit guter Genauigkeit. 

Die damit. gezeigte Güte der in dieser Arbeit entwickelten 2CLJQ- und 2CLJD-Modelle 

macht sie für technische Anwendungen interessant. 

Ein Vergleich der Modellparameter mit realen Molekülgeometrien und Polaritäten ist 

vor allem im Fall der hier modellierten zweiatomigen Stoffe, wie Sauerstoff, Stickstoff und 

den Halogenen Fluor, Chlor, Brom und Iod einfach möglich. Dabei zeigt sich eine gute 
Übereinstimrmmg zwischen realen Bindungslängen der Moleküle und der Elongation der 

Modelle. Auch die Quadrupolmomente der Modelle liegen im Bereich der experimentellen 

Daten für molekulare Quadrupolmomente. Weiterhin nehmen der Größen- und der Ener- 

gieparameter des Lennard-Jones-Potenzials im Vergleich zur Molekülgröße physikalisch 

sinnyvolle Werte an. 

Aufbauend auf den Ergebnissen der Reinstoffmodellierung mit den 2CLJQ- und 2CLJD- 

Modellklassen wurden in der vorliegenden Arbeit für Ethylenoxid und Methanol detail- 

liertere molekulare Modelle auf Basis von Lennard-Jones-Wechselwirkungszentren ohne 

innere Freiheitsgrade entwickelt. Die beiden molekularen Modelle sind mit den 2CLIQ- 
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und 2CLJD-Modellen kompatibel. Das Modell für Ethylenoxid mit drei Lennard-J
ones- 

Wechselwirkungszentren und einem Punktdipole ist eine Neuentwicklung, das Modell 

für Methanol geht aus der Optimierung eines asymmetrischen Zwei-Zentren-Lennard- 

Jones-Modells mit drei Punktladungen hervor, das der Literatur entnommen wurde. Bei 

der Anordnung der Lennard-Jones-Wechselwirkungszentren wurden die realen Molekül- 

geometrien berücksichtigt. Langreichweitige Korrekturen der Dipol- bzw. der Punkt- 

ladungswechselwirkungen wurden mit der Reaktionsfeldmethode berechnet. Für beide 

Modelle wurden jeweils drei Modellparameter so optimiert, dass die Modelle das Dampf- 

Flüssigkeits Gleichgewicht der Reinstoffe mit guter Genauigkeit beschreiben. Das Ethy- 

lenoxid-Modell (Methanol-Modell) erreicht eine mittlere relative Abweichung von 6.5 % 

(9.9 %) von experimentellen Dampfdruckdaten und von 0.17 % (0.56 %) von experimen- 

tellen Siededichtedaten. Die für beide Modelle verwendete Optimierungsmethode beruht 

auf einer Fehlerquadratminimierung und ermittelt mit Hilfe von Sensitivitäten itera- 

tiv und rasch konvergierend ein optimiertes molekulares Modell. Für die Optimierung 

des Methanol-Modells wurden sämtliche Dampf-Flüssigkeits Gleichgewichte mit Hilfe der 

Methode der graduellen Einsetzung mit hoher Genauigkeit ermittelt. 

Mit ihrer guten Genauigkeit bei der Beschreibung thermophysikalischer Daten und 

der physikalisch sinnvollen Parametrierung auf molekularer Ebene sind die vorliegen- 

den, miteinander kompatiblen molekularen Modelle von Reinstoffen für die Modellierung 

von Mischungen sehr gut geeignet. Daher wurden mit diesen Modellen für die Wechsel- 

wirkungen von 45 ungleichen Molekülpaaren in Mischungen molekulare Modelle entwick- 

elt, die die quantitative Vorhersage von Dampf-Flüssigkeits Gleichgewichten von Mischun- 

gen ermöglichen. 

Die Lennard-Jones-Wechselwirkung zwischen zwei verschiedenen Molekülen wurde in 

dieser Arbeit mit den in der Literatur häufig verwendeten Lorentz-Berthelot-Kombina- 

tionsregeln beschrieben. Vorhersagen von Dampf-Flüssigkeits Gleichgewichten allein auf 

Grundlage der Reinstoffmodelle und den Lorentz-Berthelot-Kombinationsregeln wurden 

untersucht und mit, Vorhersagen aus der Peng-Robinson Zustandsgleichung und mit ex- 

perimentellen Daten verglichen. Die Einführung eines anpassbaren binären Wechsel- 
wirkungsparameters in den energetischen Term der Lorentz-Berthelot-Kombinationsregeln 

ermöglichte eine genauere Beschreibung der Dampf-Flüssigkeits Gleichgewichte von Mi- 
schungen. In der vorliegenden Arbeit wurde dieser binäre Wechselwirkungsparameter, der 
im nicht angepassten Fall den Wert eins hat., für jede Mischung mit einer einfachen Metho- 

de an den Druck eines geeigneten experimentellen Zustandspunkt des Dampf-Flüssigkeits
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Gleichgewichts angepasst. Angepasst liegt der binäre Wechselwirkungsparameter wei- 
terhin nahe beim Wert eins. Simulationsergebnisse mit angepasstem binären Wechsel- 

wirkungsparameter wurden mit experimentellen Daten und mit Ergebnissen der Peng- 

Robinson Zustandsgleichung verglichen, deren binärer Parameter an denselben experi- 

mentellen Zustandspunkt der Mischung angepasst wurde. 

Fünf technisch wichtige binäre Mischungen der quadrupolaren Komponenten Stick- 

stoff, Sauerstoff, Kohlendioxid und Ethan wurden ausführlicher untersucht, um die Lei- 

stungsfähigkeit der molekularen Simulation im Vergleich zu Zustandsgleichungen aufzu- 

zeigen. Besonders auffällig ist im Fall der azeotropen Mischung Kohlendioxid + Ethan, 

dass molekulare Simulation allein auf Grundlage der beiden Reinstoffmodelle und der Lo- 

rentz-Berthelot-Kombinationsregeln mit nicht angepasstem binärem Wechselwirkungspa- 

rameter die azeotrope Zusammensetzung vorhersagt, wohingegen die Peng-Robinson Zu- 

standsgleichung zeotropes Siedeverhalten vorhersagt. Mit angepasstem binären Wechsel- 

wirkungsparameter und angepasstem binärem Parameter der Peng-Robinson Zustands- 

gleichung liefern beide Methoden eine sehr gute quantitative Beschreibung des azeotropen 

Dampf-Flüssigkeits Gleichgewichts. Hier wird vorweggenommen, dass sich im Fall der 

azeotropen Mischung Ethin + Ethan ein völlig analoges Bild der Vorhersageeigenschaften 

beider Modellierungsansätze ergibt. Im Fall der Mischung Stickstoff + Ethan, in der Stick- 

stoff als überkritische Komponente enthalten ist, liefert die Peng-Robinson Zustandsglei- 

chung auch mit angepasstem binärem Parameter eine schlechte Beschreibung der experi- 

mentellen Siedelinie, außerdem überschätzt sie die Lage des kritischen Punkts. Moleku- 

Jare Simulation liefert hierfür deutlich bessere Ergebnisse. Weiterhin zeigte sich, dass 

die vorliegenden molekularen Modelle für Stickstoff und Ethan bei niedriger Temperatur 

Flüssigkeit-Flüssigkeits Gleichgewichte bilden, die bei der realen Mischung Stickstoff + 

Ethan experimentell nachgewiesen wurden. Bereits aus diesen Ergebnissen kann gefolgert 

werden, dass die Vorhersagekraft molekularer Simulationen deutlich besser ist als jene 

der Peng-Robinson Zustandsgleichung, wenn physikalisch sinnvolle molekulare Modelle 

verwendet werden. 

Siededichten der fünf Mischungen werden mit molekularer Simulation zuverlässig be- 

schrieben, was mit der Peng-Robinson Zustandsgleichung erwartungsgemäß nicht gelingt. 

Auch Verdampfungsenthalpien von Mischungen werden in vielen Fällen mit molekularer 

Simulation genauer vorhergesagt als mit der Peng-Robinson Zustandsgleichung. Verglei- 

che mit Ergebnissen der PC-SAFT und der BACKONE Zustandsgleichung unterstreichen, 

dass die in dieser Arbeit entwickelten molekularen Modelle eine sehr gute Vorhersagekraft
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für thermophysikalische Eigenschaften realer Mischungen besitzen. Ergebnisse für Dampf- 

Flüssigkeits Gleichgewichte weiterer quadrupolarer Mischungen bestätigen dies, 

Für Mischungen mit multipolaren Komponenten wurden die Ergebnisse aus moleku- 

larer Simulation mit angepasstem binären Wechselwirkungsparameter und der Peng-Ro- 

binson Zustandsgleichung mit angepasstem binärem Parameter mit experimentellen Daten 

verglichen. Hierzu gehören unter anderem kohlenmonoxidhaltige Mischungen und Käl- 

temittelmischungen. Die Modellierung dieser Mischungen multipolarer Komponenten 

mit. einfachen, nicht., polarisierbaren molekularen Modellen ist besonders interessant, da 

einige der realen Moleküle, wie zum Beispiel CS,, vergleichsweise stark polarisierbar 

sind. Es wurde gezeigt, dass auch für diese Mischungen molekulare Simulation eine 

sehr gute Beschreibung der experimentellen Dampf-Flüssigkeits Gleichgewichte über weite 

Temperatur- und Zusammensetzungsbereiche liefert. Auch die Ergebnisse der Peng- 

Robinson Zustandsgleichung sind in vielen Fällen sehr gut. Die Peng-Robinson Zustands- 

gleichung überschätzt jedoch wiederum in mehreren Fällen mit einer überkritischen Kom- 

ponente die Lage des kritischen Punkts. Auch die Siede- und Taudichten dieser Mischun- 

gen werden mit molekularer Simulation genauer beschrieben als mit der Peng-Robinson 

Zustandsgleichung. 

Mit der Modellierung der Mischung Methanol + Kohlendioxid wurde der hier ver- 

wendete vergleichsweise einfache Modellierungsansatz für reale Mischungen auf eine Mi- 

schung mit einer assoziierenden Komponente übertragen. Alle für diese Mischung er- 

forderlichen molekularen Simulationen wurden mit gradueller Einsatzung beider Kompo- 

nenten durchgeführt, wodurch die Dampf-Flüssigkeits Gleichgewichte mit sehr geringen 

statistischen Ungenauigkeiten ermittelt werden konnten. Damit war es auch für diese 

Mischung möglich, den binären Wechselwirkungsparameter der Lorentz-Berthelot-Kombi- 

nationsregeln an einen experimentellen Gleichgewichtsdruck dieser Mischung anzupassen. 

Die Beschreibung der Dampf-Flüssigkeits Gleichgewichte dieser Mischung mit der Peng- 

Robinson Zustandsgleichung mit angepasstem binärem Parameter zeigt vor allem auf 
der Siedelinie und im kritischen Bereich Schwächen. Mit angepasstem binärem Wech- 
selwirkungsparameter stimmen die Ergebnisse für Dampf-Flüssigkeits Gleichgewichte aus 
molekularer Simulation über weite Temperatur- und Zusammensetzungsbereiche sehr gut 
mit experimentellen Werten überein. Auch Siededichten dieser Mischung werden mit 
molekularer Simulation sehr gut beschrieben. Dieser positive Befund gibt Anlass zur Ver- 
mutung, dass der in dieser Arbeit gewählte Modellierungsansatz auf weitere Mischungen 
mit assoziierenden Komponenten übertragbar ist.
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Die molekularen Modelle für binäre Mischungen lassen sich ohne Modifikation für die 
Stoffdatenvorhersage ternärer Mischungen verwenden. Die Einführung ternärer Parame- 
ter oder die Neuanpassung binärer Parameter an thermophysikalische Daten ternärer Mi- 
schungen ist. nicht. erforderlich. Am Beispiel von fünf ternären Mischungen mit quadrupo- 
laren und multipolaren Komponenten wurde gezeigt, dass molekulare Modelle ternärer 
Mischungen auf der Basis der in dieser Arbeit entwickelten molekularen Modelle binärer 
Mischungen die experimentellen Dampf-Flüssigkeits Gleichgewichte dieser ternären Mi- 
schungen mit guter Genauigkeit vorhersagen. Unter gleichen Voraussetzungen liefert. die 
Peng-Robinson Zustandsgleichung in vielen Fällen hierfür deutlich schlechtere Resultate. 

In der vorliegenden Arbeit wurde gezeigt, dass molekulare Simulation bereits mit ver- 

gleichsweise einfachen, zustandsunabhängigen molekularen Modellen für Reinstoffe und 

Mischungen eine hervorragende Vorhersagekraft besitzt. Um diese Eigenschaft moleku- 

larer Simulation ausschöpfen zu können, müssen physikalisch sinnvolle und sorgfältig 

parametrierte molekulare Modelle von Reinstoffen zu Grunde gelegt werden. Moleku- 

lare Modellierung stellt dann einen systematischen, für viele Stoffklassen vereinheitlichten 

Modellierungsansatz dar, der ein breites Spektrum thermophysikalischer Größen zuver- 

lässig beschreiben kann. Für die verfahrenstechnische Praxis ist es wichtig, dass für die 

Parametrierung der molekularen Modelle binärer Mischungen jeweils nur ein einziges ex- 

perimentelles Dampf-Flüssigkeits Gleichgewicht erforderlich war. 

Die in dieser Arbeit dargestellten Resultate unterstreichen das hohe Entwicklungspoten- 

zial, das die molekularen Modellierung bietet. In künftigen Arbeiten sollte untersucht 

werden, inwiefern der hier gewählte Modellierungsansatz auf weitere komplexe, Wasser- 

stoffbrücken bildende Fluide und deren Mischungen übertragbar ist, Auch die Model- 

lieraung größerer Moleküle, bei denen innere Freiheitsgrade zu beachten sind, sollte in 

Betracht gezogen werden. Bei der Parametrierung solcher Modelle können Ergebnisse 

quantenmechanischer Berechnungen der Molekülinteraktionen herangezogen werden, 

Abschließend sei angemerkt, dass während der Entstehung der vorliegenden Arbeit 

viele der hier entwickelten molekularen Modelle bereits erfolgreich zur quantitativen Vor- 

hersage weiterer thermophysikalischer Größen, wie etwa Diffusionskoeffizienten, Oberflä- 

chenspannungen oder Henry-Konstanten verwendet wurden. Es existiert bislang kein 

vereinheitlichter klassischer Modellierungsansatz, der die simultane quantitative Beschrei- 

bung dieser Größen ermöglichen würde. Damit wurden außerhalb dieser Arbeit die exzel- 

Jenten extrapolativen Eigenschaften der hier entwickelten molekularen Modelle bestätigt.
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