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Abstract

The viscosities of alkanes (propane, isobutane, nonane), alcohols (ethanol, propanol, isopropanol, 2-butanol) and ispprampamsl
mixtures were calculated using non-equilibrium and equilibrium molecular dynamics (NEMD and EMD) simulation methods. The nonane,
isopropanol and nonang isopropanol mixture simulations were performed in response to the First Industrial Simulation Challenge. Inter-
molecular interactions were modeled using an anisotropic united-atom Buckingham exponential-6 potential. The force field parameters were
optimized using pure component viscosity data. The resulting viscosities are compared with literature values, with the result that the anisotropic
united-atom model together with the exponential-6 model can give good predictions of the viscositikahe and alcohol systems.
© 2003 Published by Elsevier B.V.
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1. Introduction In this study, we have simulated the shear viscosity of a
series of normal hydrocarbons and alcohols and mixtures of
Computer simulations offer a link between models of in- jsopropanoh- n-nonane. The motivation for the later set of
termolecular interactions and observed macroscopic proper-simulations was one of the problems posed in the First In-
ties. It is fair to say that after decades of efforts, scientists dustrial Challenge for the Simulation of Material properties,
have developed and employed theories and simulation tech-prgplem Set #3:’4.] a|th0ugh our more genera| goa| is to de-

nigues that enable us to simulate any property imaginablevelop a force field which is transferable between properties
[1,2]. Results of these simulations are not only of scientific and members of a homologous series.

interest, but also of engineering and industrial interest. This

later interest has arisen because it is becoming increasingly

possible for one to select materials for a process based only2. Force field

on a knowledge of their molecular structure and resulting

interactions with other materials. A major impediment to 2.1. Background

wide-spread industrial acceptance of computer simulation

today is in fact our incomplete knowledge of the simula-  Most molecular modeling is based on the assumption that

tion force field and the lack of transferability of a force field the intermolecular potential between a pair of structured

from the properties upon which it was based to the simula- molecules can be modeled as a sum of interactions between

tion of other properties. A good example is the fact that the every intermolecular pair of atoms or group of atoms, and

OPLS force field3] gives reasonable dense liquid equilib- that these interactions depend only on the separation of the

rium properties but generally will yield liquid viscosity sim- ~ atoms (groups). All these models have an implicit orientation

ulations that are 30% low as compared to experimental data.dependence, which recognizes that the relative positions of
the atoms (groups) within the molecule is the major factor

— _ in defining the molecular shag8].
* Corresponding author. Tel#1-303-273-3885;

fax: +1-303-273-3730. Threg kindg of models, all atom (AA), united gtom (UA)
E-mail addressjely@mines.edu (J.F. Ely). and anisotropic united atom (AUA) models, are in common
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dict equilibrium and transport properties of pure fluids and Table 1 '
some mixtures. There are indications that AA models bet- LI based AUA model potential parameters

ter represent experimental data but they are computation-model Group o (A) e (K) daua (A)

ally extremely expensive for large systems or molecules be- AUAL CH

cause one must consider interactions between every atom in CH, 3.527 80 0.32

a molecule with every atom in every other molecule in its CHs 3.527 120 0.32

implementation. Thus, the computational burden is heavy ,a» CH

compared to the UA model where atoms are grouped to- CH, 3.527 80 0.37

gether into simpler and fewer interaction sifbs CHs 3.527 120 0.275
In this study, a new version of the anisotropic united atom pyaz CH

model (AUA) [6-9] that incorporates the exponential-6 inter- CHa 3.516 79.87 0.4

molecular potential along with fixed bond lengths and bond CHs 3.516 119.8 0.18

angles, was used in calculating the intermolecular interac- auaa CH 3.3625 50.98 0.64599

tions. The AUA model was originally proposed by Toxvaerd CH, 3.4612 86.29 0.38405

[6] (referred to as AUAL in this manuscript) which incorpo- ChHs 3.6072 120.15 0.21584

rated the Lennard—Jones 12—6 intermolecular potential. The
advantage of the AUA approach is that it can include some
of the positive features of the AA model without the com- ©Obtained experimentally low temperatures. Simulatif#js
putational expense. The AUAL model was based on the ob-have also been performed to extend the AUA4 potential to
servation that the pressure in fluids of propane, pentane, andranched and long chain alkane$4Czs and Go) and for
decane scaled incorrectly with respect to temperature andbinary and ternary mixturgd3]. Based on these results, the
density when calculated with traditional united-atom mod- AUA potential shows an interesting degree of transferabil-
els. The AUA model is a simple extension of the united-atom ity. Table 1summarizes site parameters for the various AUA
model, in that it maintains the carbon centers as the moving models.
centers, but lets the intermolecular potential originate from As described above, the AUA model has been utilized
the geometrical center of the site. As such, the site-site in- successfully in equilibrium simulations, but has seldom been
teractions depend on the instantaneous chain configuration€xplored in non-equilibrium simulations, especially for po-
Toxvaerd and Padilla proposed an AUA2 mo@é] Opti_ Iar f|UIdS A goal Of thIS WOI’k was to pl’ediCt the ViSCOSity
mized using PVT and self-diffusion coefficients. In 1997, ©f nonane and isopropanol and their mixtures at specified
the AUA3[10] model was proposed by Toxvaerd based on a State points as well as to simulate the viscosity of other alka-
study of the pentane and decane systems over a wide rang8€S (propane, isobutane) and alcohols (ethanol, propanol,
of pressures+350 MPa) and temperatures (298—673 K). 2-butanol) using the nonequilibrium molecular dynamics

Dysthe et al[11,12] used the AUA2 and AUA3 mod- (NEMD) method. The compositions of the mixtures stud-
els and the Green-Kubo method to simulate the transportied specified in the simulation challenge problem and were
properties of ||qu|d n-butane, n-decamehexadecane, and 50/50 and 25/75 mOI%\'nonanE/isopropanOI. One of our
a|kane mixtures' Genera"y good resu'ts were observed in goals iS to deVeIOp a force f|e|d that iS transferable betWeen
the simulations, though at high density and low temperature, different properties, thus we chose to investigate an AUA
the viscosity was underestimated. model that has a more repulsive core.

Ungerer et al[8,9] optimized the anisotropic united atom
potential for linear alkanes on the basis of selected equilib- 2.2. Force field details
rium properties of ethane-pentane, andi-dodecane. The
optimized parameters for the GHCHz and CH groups form Schematics of some of the molecular models are shown in
a regular sequence with those of methane and the force cenfig. L In then-alkane model, Ckland CH groups are taken
ters are found between the carbon and hydrogen atoms, ags molecular sites with the same masses, while the interac-
expected. The resulting potential, called AUA4, has been tion centers are located at the points a little bit away from
compared with Toxvaerd’s potential (AUA3). An investiga- the carbon atom centers, the displacement being denoted as
tion performed at temperatures ranging from 140 to 700K daya The net effect of this is to consider the influence of
and with various chain lengths up to 20 carbons atoms hashydrogen atoms without explicitly increasing the number of
shown AUA4 provides systematic improvements of vapor sites. In the alcohol model, GHCH,, CH groups and O
pressures, vaporization enthalpies, and liquid densities forand H atoms are taken as molecular sites. In the isopropanol
pure n-alkanes. Significant improvements have been also model, partial charges were assigned to all of the AUA in-
noticed for the critical temperatures of n-alkanes, estimatedteraction sites. Bond lengths and angles were constrained
from coexistence density curves, and for the equilibrium using the Gaussian constraint metjadd—16] however, the
properties of CQ+n-alkane binary mixtures. Ungerer etal. torsional angles are free in the models.
also report self-diffusion coefficients ofhexane that are The intermolecular potential function was assumed to
slightly improved by the new potential, but still exceed those be composed of two independent parts. The intermolecu-
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CH, The Lorenz—Berthelot combining rules were used for the
exponential-6 parameters for cross interactions between het-
OH erogeneous sites.
o €12 = /€11622 2
011+ 022
o= 2 3)
CH, CH,

CH 512 = /511522 4)
The intramolecular potential parameters are essentially

CH; identical to those from the OPLS mod¢8,19]. Thus
CH, non-bonded intramolecular interactions for sites more than

three bonds apart were modeled using a Lennard—Jones
[6,12] potential,Eq. (5) The LJ parameters in alkanes were

Fig. 1. Schematic sketch of AUA model. Centers of carbon atoms (used those for a nonane GHgroup and the LJ parameters for
by UA model) are represented by circles, and the interaction centers by 2-butanol were from referend@9].

solid circles (AUA model). oun12 04\ 6
uLa() = 4eq | (22) = (%) (5)

lar site—site potential was modeled using pair-wise additive

Buckingham exponential-6 potentidls7,18] where thea denotes an intramolecular parameter. Rotations
about internal single bonds were permitted in accordance

6c r so (r\° with the model torsional potential.
=] os (o 5)] 5 () | e .
u(@) =Y cicos ¢ (6)

nonane isopropanol

o0 r < Fmax

) whereu(¢) is the torsional potential energy apds torsional
wherermax is the smallest positive intermolecular separation angle. Parameters used are from the Ryckaert—Bellemans
for which u’(r) < 0. The potential parameters ase ro, potential[20] for nonane and from the OPLS potenti&9]

S Whereu(rg) = —e andu(o) = 0. The parameteg is for isopropanol.

the repulsive steepness parameter and the relation between The parameters used in this work were developed based
o, S andrg can also be obtained by numerically solving on the AUA4 fore, o anddyy, and the values for repul-
Eqg. (1) A coulombic potential was added to this potential sive steepness parametsy, were taken from the literature
when partial charges were included in the alcohol simula- [18,21] The partial charge parameters used in this work were

tions. based on those used by Rowley ef2aP—25]and Jorgensen
Table 2
Force field parameters used in this work
Parameter CH CHy CH (0] H
& (K) 140 93.34 59.4 94.0 0.0082
o (R) 3.72 3.57 35 3.13 1.856
S 16 22 24 28 12
daua (A) 0.18 0.24 0.5 0 0
Partial charge 0.0@2 0.2% 0.00% -0.8%2 0.5
Bond lengths (&) CH-CH,: 1.531

CHy—CH,: 1.535

CH3—CH: 1.524

CH-0: 1.408

O-H: 0.944
Bond angles<) /CH3-CH-0:110.92

ZCH-O-H: 109.51
/CH3—CH-CHj: 112.56
Z/CHs—CH—CHg: 114

ZCHp—CHp—CHg: 112.43
ZCHs—CHy—CHp: 112.41

a All interactions were truncated at 12 A.
b From referencd23].
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et al.[19] in their simulations of polar molecular systems.
The force field parameters are listed Table 2and were
optimized for the pure fluids using a trial-and error method
based on pure fluid viscosity for fluids not included in the
simulation challenge. Details of the optimization procedure
are given in referenci6].

3. Simulations

In all of the simulations performed, conventional reduced
units, periodic boundary conditions, spherical cut-offs and
Verlet neighbor list have been us¢d7,28] The NEMD
simulations were performed using a fifth-order Gear
predictor-corrector numerical integration schef2g]. A
molecular version of the isothermal shear algorit[28],
SLLOD, was applied in conjunction with Gaussian thermo-
stat[14,30].

The equations of motion for NPT ensemble were devel-
oped by Daivis and Evari81]

. Pia :
Fig = —— + Ryyyi +er;
My

Pia = Fly, + F{, — %nxypyi - mﬁfép,- - mﬁifépi
V=3V @)
5o (p—po)V
QNKT
£ S (L/M) | Fi - pi — ypxipyi} B
Y1/ M) p?

wherer;, is the position of sitex on moleculei, p;, the
momentum of siter on molecule while p; the momentum
of the whole moleculey; they direction coordinate of;,
the center of moleculé. FV represents the force due to
potential interactions anBC the intramolecular constraint
forces. In these equations,, is the mass of a sitd/; is the
mass of the molecule, is a unit vector in the direction,

y is the shear rate is the thremostatting multipliep,; is
they component of the momentum of molecule is the
dilation rate.V is the volume of the system amalis the
hydrostatic pressure, calculated through (1/3Yrfvhere
P is the pressure tensqmy is the target pressure amdlis
the number of moleculed. is the molecular temperature of
the system held constant by a Gaussian thermostatand
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Table 4
Simulated shear dependent viscositynefionane
y x 1079571 n x 10*Pas
3.0621 4.78+ 14.83
45931 5.11+ 9.86
7.655 441+ 5.8
11.48 4.23+ 3.94
15.31 4.15+ 2.92
26.79 3.98+ 1.67
38.27 3.74+ 1.17
47.85 3.46+ 0.93
68.89 3.25+ 0.65
122.48 2.63+ 0.37

is a damping factor chosen by trial and error to control the
pressure fluctuations.
The molecular pressure tensor is given by

N
1 PiDPi
p v Xl: M +Z ij £

i<j
whereR;; and F;; are the distance between the center of
mass of the molecules and total force on moleduii®m
moleculej. The shear dependent viscosity, is obtained
from the constitutive relation:

(Pxy)) + ({(Pyx))

(8)

ny) = 9

! (
2y
and the zero shear vicosity is extrapolated from the linear

response theorfl6] expression:

n=no+ Ay*? (10)

More sophisticated models exist for the non-Newtonian vis-
cosity. For example the Carreau—Yasuda mdag] incor-
porates five parameters to model the shear dependence of
the viscosity and is capable of representing the shear thin-
ning and Newtonian plateau regions for polymers

n—"no _ [1 + ()Ly)a]n—l/a

N — Noo

(11)

Unfortunately application of this equation requires a clear
definition of the Newtonian plateau (e.g., low shear rates)

Table 5
Shear dependence of the viscosity of isopropanol and its mixtures with
n-nonane

y (x1079%s™1) n (x10*Pas)
Table 3 XCcgHgo = 1 XcgHgo = 0.75 XcgHgo = 0.5
Simulated viscosities under different shear rates for methanol in reduced 3.728 17.49+ 25.42 9.8+ 14.34 7.371+ 11.6
unitst 5.592 - 9.07+ 9.43 -
7.455 - 8.9+ 7.15 7.473+ 5.91
v* n*, This work n*, This work n*, Wheeler 14.91 _ 7.31+ 3.69 6.594+ 2.99
(N = 125) (N = 216) and Rowley 233 14.37+ 4.15 7.18+ 2.37 5.487+ 1.85
0.9087 3.82+ 0.33 3.791+ 0.33 3.646 33.55 11.55+ 2.88 6.39+ 1.59 4,954+ 1.33
0.445 4.392+ 0.66 4.383+ 0.67 4.265 59.64 7.5+ 1.55 4.86+ 0.91 4.0+ 0.75
0.0568 - 5.644+ 5.08 5.4062 93.19 6.55+ 1.01 4.09+ 0.57 3.45+ 0.47
134.2 5.27+ 0.7 3.37+ 0.39 2.97+ 0.33

3y = yo(mle)Y2, * = no?l(me)/2.
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Table 6
Summary of simulated pure fluid and mixture viscostties
Substance Method T (K) p (glcr?) n (x10*Pas)
Sim. Exg® %
Propane NEMD-NVT 180 0.63772 3.973 3.873 2.58
NEMD-NVT 250 0.57117 1.778 1.781 -0.17
Isobutane NEMD-NVT 250 0.61758 2.789 2.947 —-5.37
n-Nonane NEMD-NPT 300 5.211 6.50 —19.8
EMD-NPT 300 4.051 6.50 —38.68
Ethanol NEMD-NVT 298 0.7870 19.35 19.42 —0.36
Isopropanol NEMD-NPT 300 19.82 19.86 -0.21
EMD-NPT 300 18.63 19.86 —6.20
Propanol NEMD-NVT 298 0.7996 20.70 19.68 5.18
2-Butanol NEMD-NVT 298 0.8108 43.79 44.44 —1.47
NEMD-NVT 298 0.8024 35.47 30.0 18.23
75% isopropanol NEMD-NPT 300 10.49 10.40 0.87
25% n-nonane EMD-NPT 300 11.21 10.40 7.79
50% isopropanol NEMD-NPT 300 8.320 7.56 10.05
50% n-nonane EMD-NPT 300 7.366 7.56 —2.57

a8 NPT simulations were performed at 0.1 MPa.
b n-Nonane anch-nonanet isopropanol experimental data were obtained by NIST as part of the simulation challenge.

and with the system sizes used in this study, we could not The equilibrium molecular dynamics Green—Kubo
determine them with any statistical accuracy. Thus we have method was also utilized to simulate the visco$&¥,33]

used the simpler and perhaps less accurate linear response
model. no

lim / Tdt(POS(t) - P%(0)) (12)
0

- 10kgT t—o0

n x 104 Pa.s

y1/2h5-1/2

Fig. 2. Simulated shear dependent viscosities for nonéne isopropanol [(J), 75% isopropanol @) and 50% isopropanol) vs. /2.



116 H. Zhang, J.F. Ely/Fluid Phase Equilibria 217 (2004) 111-118

where P% (1) denotes the symmetric traceless part of the In the nonane simulations, a multi-time step (MTS)
pressure tensor. In this expression, all elements of the stresgnethod[34] was utilized with a 6.7 A primary neighbor
tensor are used in the calculation of viscosity. In the limit radius and the secondary forces were explicitly reevaluated
y — 0, Eq. (9)should give the same viscosity result as that €very seven steps. In the equilibration stage, it was found
obtained fromEqg. (11) that the appropriate value of the dilation damping factor
Simulations were started by placing 125 molecules for QNKT for the alkane systems is 80.0, 10.0 for the mixture
pure systems and 216 molecules for mixture systems onsystems and 1.0 for the alcohol systems. In the production
a cubic lattice. Each system was equilibrated for 500,000 stage, the QNKT values were increased to 160.0, 80.0, 40.0,
time steps keepinfy, V and T constant. The systems were respectively.
then equilibrated in the NPT ensemble for 200,000 time For the alcohols, the coloumbic potential was calculated
steps forn-nonane and the mixture systems and 300,000 using the NEMD-Ewald method developed by Wheeler and
for isopropanol. The time steps used were 1fs for alkane Rowley [22]. In their work the Ewald sum method was
systems, and 0.672fs for systems containing an alco-used in conjunction with the Lees—Edwards sliding bound-
hol. In the production stage, each simulation was run for ary conditions to simulate the viscosity of polar molecules
600,000—1,700,000 time steps at different shear rates duringith NEMD. The method is applicable to a molecular fluid
which the pressure tensd?, was calculated, and the shear confined in an arbitrary parallelepiped simulation unit cell.
viscosity at each shear rate was computed and averaged. Fofhe unit cell potential is partitioned into real-space and
2-butanol systems, the time steps is 0.745fs, and the sim-reciprocal-space portions, which are added together to count
ulations were run 900,000 steps for lower shear rates andthe coloumbic potential energy of the cell in an infinite lat-
500,000 for higher shear rates. Data in the shear-thinningtice of cellimages. The real-space portion is calculated in the
regime were used to extrapolate values of simulated viscos-Same manner as the eponential-6 potential over short-range
ity to obtain a zero shear value. For EMD simulations, after interactions within the cutoff distance. In order to test our
400,000 time steps equilibration, 2,800,000 time steps wereimplementation of the NEMD-Ewald method, we first re-

run for nonane, and 1,300,000 time steps for isopropanol Peated their methanol simulation at one state pdiht=(
and their mixtures in NPT ensemble. 337.85K, p = 23.44 kmol/n?) under three shear rates. The

25

n x 10* Pa-s

0 ] ] ] ] ] ] ] ] ]

0 0.2 0.4 0.6 0.8 1
X cgHgo

Fig. 3. Comparison of simulated viscositiy values from NEVE)(and from EMD () with those calculated from the method of Grunberg and Nissan
[35] (solid line) and experimental value@®j.
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comparison is given ifiable 3and the results agree to within

117

nes, alcohols and their mixtures with acceptable accuracy,

the combined uncertainties of the simulations. For the Ewald although further adjustments in the force field parameters
sum parameters, the convergence parameter was chosen tare needed.

be 0.5 with a 12 A cutoff distance.

4. Results

The results of the simulations are summarized in
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