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Optimisation of the dynamical behaviour of the anisotropic united atom model of branched
alkanes: application to the molecular simulation of fuel gasoline
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Bernard Rousseau® and Laurent Normand?®
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(Received 24 December 2007; final version received 13 February 2008)

In the present work, we have optimised the dynamical behaviour of the anisotropic united atom (AUA) intermolecular
potential for branched alkanes developed by Bourasseau et al. [E. Bourasseau, P. Ungerer, A. Boutin, and A.H. Fuchs,
Monte Carlo simulation of branched alkanes and long chain n-alkanes with anisotropic united atoms intermolecular
potential, Mol. Sim. 28 (2002), pp. 317-336], by a modification of the energetic barrier of the torsion potential. The new
potential (AUA(4m)) preserves all the intermolecular parameters and only explores an increment in the trans—gauche
and gauche+ —gauche— transition barrier of the torsion potential. This modification better reproduces transport
properties like the shear viscosity, keeping the accuracy achieved in the original work for equilibrium properties.
An extensive investigation of the shear viscosity of 12 different types of branched alkanes in a wide range of pressures
and temperatures, shows that the AUA(4m) improves the accuracy of the original AUA4, reducing the absolute average
deviation from 24 to 15%. In addition, molecular simulation results of the shear viscosity of olefins reveal that the
original AUA potential is accurate enough to reproduce the experimental data with less than 12% of deviation. Finally,
we present a consistent lumping methodology to perform molecular simulations on complex multi-component systems
such as fuel gasoline by representing the real system by a simplified mixture with only tenths of species.

Keywords: anisotropic united atom; transport properties; shear viscosity; branched alkanes; olefins; fuel gasoline;

lumping methodology

1. Introduction

The automobile industry recently faces the challenge of
developing a new generation of motor engines for more
efficient and low consumption vehicles. In addition, new
regulations demand the reduction of pollutants and
green-house gases with different milestones on maxi-
mum emissions, i.e. <0.5 g/km for CO, <0.3 g/km for
HC + NO,, and <0.18 g/lkm for NO, (2009 regulation
for gasoline Euro 5 and 6) [1]. These restrictions are also
accompanied with initiatives on the development of flexi-
fuel motor engines working with different types of blends
of standard gasoline with bio-ethanol or diesel-bio diesel,
in order to reduce CO, and green house emissions. This
fact requires the knowledge of thermo physical proper-
ties, such as liquid vapour equilibrium and transport
properties, of complex mixtures at different thermodyn-
amic conditions. A systematic campaign of experimental
data acquisition on fuel blends is expensive. In certain
conditions, such as in high pressure fuel diesel injection
(pressures over 3000 bar) the extreme pressure makes

experiments dangerous. Correlative equations are
adapted at ambient conditions but they cannot be used
out of their range of application [2,3]. Molecular
simulation can be used as a good alternative to obtain
these physical properties, however, the description of real
complex mixtures such as those present in fuels represent
a great challenge.

The key point of the validity of the results obtained
by means of molecular simulation is the accuracy of the
intermolecular potentials employed to describe the
different chemical species and the physical properties
to be computed. There are several types of intermole-
cular potentials available in the literature according to
the degree of details to describe hydrocarbon molecules.
The so-called united atom potentials (UA) introduce
groups of atoms like CH, or CHj as simple Lennard—
Jones sites. This strategy allows a more efficient
computation of collective properties in large systems
requiring long simulations. There are several UA
potentials developed to describe thermodynamic proper-
ties of n-alkanes with good performance, for instance the
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OPLS [4], SKS [5], TraPPE [6] and the NEP [7]. All
atom models (AA), being more realistic, are useful for
particular applications but the price paid in computer
time is unaffordable in many studies involving molecules
with complex geometries or large size.

Another common approach is the so-called aniso-
tropic united atom (AUA) for which Toxvaerd and
co-workers have published successive parameterizations
(AUA(1) [8], AUA(2) [9] and AUA(3) [10]). In this
approach, the centre of force is displaced by a distance
Oaua from the carbon atom to better account for the
presence of the hydrogen atoms not explicitly described.
In a previous work [11], it was found that the shear
viscosity reproduced by different UA and AUA models,
analysed over different thermodynamic states, present
important deviations with respect to the experimental
data (about 24% for AUA2, 26% for SKS2, 30% for
AUA3, 48% for OPLS [4] and 54% for TraPPE [12]).
In general, all models tend to underestimate the viscosity
and to overestimate the self-diffusion coefficient.

The AUA approach has been successfully applied to
different families of hydrocarbons, from linear [13],
branched [14] and cyclic [15] alkanes and alkenes [16]
and to other sulphur [17,18] compounds. In particular, a
set of important works have been addressed to
aromatics, from benzene [19,20] light [21] and heavy
alkyl-benzenes [22,23] or poly-aromatic compounds
[24]. This kind of potential represents a good success
for prediction of thermodynamic properties with much
less computational effort than All Atoms models.
However, they have shown their limitations when used
to compute transport properties, motivating an
additional effort of improvement for the case of the
AUA4 model of n-alkane molecules. Nieto-Draghi et al.
[25] have recently shown that the dynamical behaviour
of the AUA4 model can be easily optimised, by
adjusting the energetic barrier of the torsion potential,
without changing the thermodynamic accuracy of the
original model. In this case, the shear viscosity of
n-alkanes was optimised from 30% of absolute average
deviation (AAD) with the AUA4 model up to 14% with
the new AUA4m model.

Several simulation studies have been done in the past
to study relatively long complex branched alkanes in
order to obtain thermodynamic [26], conformational [27]
and transport [28] properties. Most of the works have
been devoted to the analysis of rheological behaviour of
shear viscosity under stress for pure complex branched
alkanes [29-34] and olefins [35,36] lubricants and
polymers melts [37]. However, there are only few works
in the literature [11,38] that explore the viscosity of small
branched alkanes like those encountered in gasoline fuels
(i.e. i-Cs, i-C5 and i-Cg). The situation is even worse in
the case of transport properties of multi-component
mixtures of hydrocarbons [39,40].

The main objectives of this work are, on one hand, to
test and improve the dynamical behaviour of the AUA4
model developed for branched alkanes [14] and olefins
[16]. On the other hand, to present a consistent
methodology to describe and simulate thermodynamic
and transport properties of complex multi-component
mixtures like fuel gasoline. The first objective can be
addressed by the improvement of the torsion potential of
the different type of branched alkanes (involving torsion
around secondary, tertiary and quaternary carbons).
The idea is to obtain an AUA model for this kind of
hydrocarbons compatible with the AUA4m model for
n-alkanes, and use them in simulation of mixtures.
In particular, we have compared our simulation results of
thermodynamic properties (like liquid density) and
transport properties (like shear viscosity) with the
available experimental data for 13 different branched
alkanes. Similarly, the dynamical behaviour of olefins
were also computed and compared with experimental
measurements. Concerning the second objective of our
work, we describe a consistent method to reduce the
experimental composition of a standard gasoline fuel
[with more than 200 components obtained with gas
chromatography (GC)], to a reduced number of chemical
compounds adapted for molecular simulation
calculations.

The present article is organised as follows: in the next
section, we review the relevant theoretical and technical
details related to our simulations. The following section
is devoted to the optimisation procedure employed for
the improvement of the torsion potential. After that, we
present the simulation results and finally, we highlight
the main conclusions that can be drawn from this work.

2. Models and simulation detail
2.1 Molecular dynamics calculations

We have employed a molecular dynamics code developed
for rigid and flexible molecules (considered linear,
branched or cyclic). The equations of motion are
integrated through the velocity Verlet algorithm with
constrained bonds using the Rattle algorithm [41].
We have explored the behaviour of different linear,
branched and aromatic hydrocarbons at different thermo-
dynamic conditions. The main objective of this work is to
test the predictive capability of the improved potential, so
all samples were equilibrated at the desired temperature
and pressure through NPT rescaling using a weak
coupling bath [42] with long-range corrections [11] for
pressure and energy on a one ns run. Unless specified
otherwise, the production runs are around 10 ns for each
system. The integration of the equations of motion was
performed with a time step of 2 fs and with a cut-off radius
of 12.0A. A Verlet nearest neighbour list was also
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employed to improve the performance of the simulations.
In general, all simulation samples consist of 250 molecules
for the systems containing single compound and 500
molecules for the case of mixtures. In all cases, the
molecules were placed in a cubic box using periodic
boundary conditions. Special care has been taken to handle
the displacement 5y of the AUA intermolecular potential
model for the computation of the forces and velocities of
centre of mass. The reader is referred to previous references
for additional information [8§—10,13,38]. As in our previous
works [20,25], the Einstein methodology was employed for
the calculation of the shear viscosity of the different
systems studied since this approach overcomes the effect of
statistical noise observed in theoretically equivalent Green-
Kubo formulation [20,25]

2.2 Monte Carlo calculations

We have used the Gibbs Monte Carlo code [43] to
perform simulation in the Gibbs ensemble [44] to
compute thermodynamic properties of gasoline mixtures
at some particular thermodynamic conditions. The Monte
Carlo moves for rigid bodies are translations and rigid
body rotations, transfers [5] and volume changes. For
branched and flexible molecules two types of moves
have been considered. The first one is partial re-growth
with the configurational bias algorithm [5]. As this move
is efficient for the end part of alkane chains only [14] it is
complemented by internal rotations, in which the
positions of a force centre is rotated around the axis of
its immediate neighbours on the chain. In the case of
transfers, we used a two steps statistical bias involving
the selection of a suitable location for the centre of mass
in a first step and the test of several orientations in a
second step [15]. The selected probabilities for the
various types of moves were generally 0.3 for
translations and rotations, 0.395 for transfers, and 0.005
for volume changes. Most simulations were carried out
using a total of 500 molecules. Equilibration periods of
10° iterations were followed by at least 10 X 10° steps
for production runs where the block averages method
have been used to obtain the saturation density and the
phase composition.

2.3 Intermolecular potential

The effective dispersion—repulsion interactions between
two atoms and united atoms (i and j) of different
molecules are represented by the Lennard—Jones
Equations (6—12)

o2 /g6
ULJ=4817[<T7) _<r—w)], (1
ij i

where o; and g; are the Lennard—Jones interaction
parameters between sites i and j on different molecules,
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and r; = |r; — 1| are the separation distance between
sites i and j. Cross-interactions between centres of force
of different type were treated using standard Lorentz—
Berthelot combining rules. The electrostatic energy is
obtained by summing the pair wise Coulombic
interactions between the partial charges belonging to
the different molecules Equation (2)

L N4

Uelee = ——
47T80 rl:/‘

; 2

i#j

where g; and g; are the charges of different centres of
interaction and g, the dielectric constant of vacuum.
In both types of simulations (MD and MC), the Ewald
summation technique [45] has been used to treat the
long-range electrostatic interactions with a maximum of
7 vectors on each direction of the reciprocal space and a
scaling parameter o = 27/L (A™Y in the direct space
with spherical cut-off of half of the simulation box (L).
The bending angle 6 between three adjacent atoms has
been described through a harmonic potential

Us(6) = %(COS (6) — cos (6))°, 3)

where 6, is the bending angle at the equilibrium
configuration and ky, is the bending constant. In a similar
way, when two carbon atoms are separated by three
bonds, their interaction is modelled by a torsion potential
that depends on the cosine of the dihedral angle ¢

(ry X rj)-(Cjg Xry)
\/1 - (r,;,wrjk)z\/l — (rj 1)

being i, j, k and [ the atoms involved in the torsion angle.
The torsion potential for individual linear/branched
contributions is then defined as

cos(p) = — 4)

8
Udg) = _aicosi(g), )
i=0

where a; are a set of constants. In addition, every two
atoms belonging to the same molecule and separated by
more than 4 atoms interact through the standard LIJ
potential described in Equation (1). The intermolecular
potential parameters used in this work are given in
Table 1.

2.4 Optimisation of the dynamic behaviour
of branched alkanes

Our previous experience on the optimisation of transport
properties of n-alkanes reveals that the dynamic
behaviour of n-alkanes, reflected in the self-diffusion
and viscosity coefficients, is governed by the combined
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Table 1. Parameters of the AUA intermolecular potential used in this work.

Group M,, e o OAUA

Alcanes [13,14] CHj 15.03 120.15 3.607 0.216 0
(linear and
branched)

CH, 14.03 86.29 3.431 0.384 0

CH 13.03 50.98 3.363 0.646 0

C 12.03 15.04 2.44 0 0

Bond dcc 1.535

Bending Linear branched 0y (deg) 114 ky, = 622.75058

C-(CH)-C 0 (deg) 112 ky, = 604.45688
branched
C-(O)-C 0 (deg) 109 ky, = 584.5656

Olefins [16] CH, 14.03 111.1 3.48 0.295 0

CH 13.03 90.6 3.32 0.414 0

C 12.03 61.9 3.02 0 0

Bond dcc 1.535

Bond dc = ¢ 1.331

Bending Olefine C = C-C 0y (deg) 119.7 ky, = 1000.0 (rigid)
Aromatics CH; 15.03 120.15 3.607 0.216 0
[20,21]

CH 13.03 75.6 3.361 0.315 0

C 12.03 35.43 3.361 0 0

+2q 0 0 0 0 8.13

—q 0 0 0 0 —4.065

Bond dc = ¢ 1.4

Bond dcc 1.535

Negative charge z=+0.4 and Positive charge y=z=0.0

postion z=—-04 postion

Note: Molecular weight (My,) in g/mol, (&) in K, (¢) and (8aya) in A, bending constant (k) in kJ/mol, bond distance (d;) in A and charge in (e).

effect of the torsion potential and the dispersion—
repulsion potential at liquid densities [25]. In this
previous work, we have improved the performance of
the AUA4 intermolecular potential to predict dynamic
properties, keeping the accuracy of the model for
equilibrium properties. We have shown that only the
torsion potential parameters should be optimised using
n-heptane as the reference molecule at liquid conditions.
We have then decided to apply a similar approach to
improve the dynamic behaviour of the AUA potential
for branched alkanes, modifying the torsion potential for
the different types of molecules, presented in Figure 1.

In our previous work for n-alkanes, two properties
were simultaneously considered in the process of
optimisation: the reorientational dynamics of the internal
dipole moment CH vector from nuclear magnetic
resonance (NMR) C"T, spin lattice experiments and
the shear viscosity at the same thermodynamic
conditions. Unfortunately, we did not find NMR
relaxation data for branched alkanes to compare with.
An alternative way to obtain this property could be
the use of DFT ab initio calculations. However, this
approach would demand a considerable computational
effort in view of the required system sizes and
simulation lengths (estimated between 200 and 300

atoms during 15-20ps at least). We have then decided
to modify the torsion potential in the same way as the
AUA4m model. This means that the increment of the
energetic barrier for the global torsion potential of
molecules at the end and in the middle of the chain
should be of the order of 40 and 15%, respectively. This
choice presents the advantage of making small
molecules artificially more rigid in order to compensate
the influence of hydrogen atoms absent in the AUA
representation. Consequently, branched atoms at the end
of the chain (i.e. in position 2, for 2-methyl hexane) are
considered more rigid than atoms that are in the middle
of the chain (i.e. in position 3, for 3-methyl hexane).
For longer branched alkanes the friction caused by the
hydrogen atoms is less important for the viscosity than
in small molecules, since the conformational relaxation
also plays an important role in the global dynamical
behaviour of the molecules.

We have taken advantage of the link between the
torsion barrier of an intramolecular potential and the
resulting collective behaviour expressed in transport
properties to improve the AUA4 model for branched
alkanes. We propose to work in the increment of the
energy barrier of the global torsion potential of the
molecules and not on the individual torsion of a
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Figure 1. Different branched molecules used in the
optimisation process: 2-methyl pentane (a) structure and (b)
Newman representation. 2,2-Dimethyl butane (c) structure and
(d) Newman representation. 2,3-Dimethyl pentane (e) structure
and (f) Newman representation.

particular branch. This modification is expressed in the
following way

U™ (@, 0) = UT(¢, 0) + Us(¢, 0), (6)

where U“and U$Y are, respectively, the new and
original global torsion potentials, and Ug is a
trigonometric function specific for each type of
branched molecule. Here, ¢ and 0 represent the dihedral
angle of the total torsion and the bending angle
separating two adjacent branches. The construction of
each potential requires the definition of the angle 6,
which we have assumed to be at equilibrium.

2.5 Molecule type A: single branched

In order to obtain the global potential Ur, two
contributions of the branched alkane should be added
as can be seen in Figure 1(a). The AUA torsion
parameters for this type of molecules are taken from
previous works [14,46]. Additionally, as can be seen in
the Newman representation of Figure 1(b), the bending
angle 6 was fixed to 112° for the single branched
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alkane,

Ur(g, 0) =c, + c1cos (¢ + 0) — c2 cos 2¢ + 26)
+c3cos 3o+ 36) + cE) + ¢ cos(¢ — 0)
—¢¢08(2¢ — 26) 4+ c3cos(B3p — 360), (7)

Ur(p, 0) = 2c£) ~+ 2¢1 cos(g) cos(8) — 2¢; cos(2¢)

X c0s (260) + 2c3 cos(3¢p)cos (36). (8)

Equation (8) is used to represent U™ and U$¢ and the
trigonometric function Us is defined as follows:

Us(p,0) = As |1 + cos(3<p)sin2(3§) - Si“2<3g)]~

(€))

This function guarantees that only the maxima of the
global torsion barrier is affected (¢ ~ 60.73°) and the
minima are kept constant as can be seen in Figure 2(a).
The coefficient As is then used to increase the height of
the energy barrier of 15 and 40% in the middle and at
the end of the chain. Once the new global potential U™

(a) T T T (b) 20 T T :
30 | — AUA4m (+40%) E —— AUA4m (+40%)
--- AUA4m (+15%) ——- AUA4m (+15%)
95| AUAY i - AUA4
15¢ %
3 20t )
E E
3 15t 3 100 -
=) 10k =)
5 L 4
5t /
0 50 100 150 0 50 100 150
Dihedral angle (degrees) Dihedral angle (degrees)
(© — AUAdm (+40%)
0.03F--- AUA4m (+15%) i

=+ AUA4

T3

£ &b

9] ]
2 g 0.02

=

o g

53

R

A S 0.01 i

0 50 100 150
Dihedral angle (degrees)

Figure 2. Global (a) and individual (b) torsion potential
around the CH3;—CH-CH,—CH,. Dihedral angle distribution
for 2-methyl pentane at 273 K and 1 bar. Comparison between
AUA4 and the new AUA4m model.
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is obtained, we can obtain the a; parameters of the
individual torsion potential as expressed in Equation (5)
by using a simple transformation described in Equation
(20) of the Appendix. The new parameters of the
individual torsion potential are shown in Table 2 and
Figure 2(b).

2.6 Molecule type B: double branched

In order to obtain the global potential Ur, three
contributions of the branched alkane should be added
as can be seen in Figure 1(c). The AUA torsion
parameters for double branched molecules on the same
carbon atom are taken from the work of Martin and
Siepmann [47] but adapted for the use of Equation (5).
As can be seen in the Newman representation of
Figure 3(b), the bending angle 6 was fixed to equilibrium
value of 109° for the double branched alkane around the
same carbon atom. In this case, Ut becomes

Ur(@, 0) =c;, + c1 cos (¢) — ¢2c08(2¢) + ¢3c08 (3¢)
+cf 4 c1cos (¢ + 0) — cacos(2p+26)
+c3c08 Bp~+360) + ¢+ 1 cos(p — 0)

—2c08(2¢0 —260)+c3cosBe—30), (10)

Ur(e, 6) =3¢} + (2¢1 cos (6) + 1) cos (¢)
— (2¢3c08(260) + 1) cos 2¢p)
4+ (2c3c08(30) + 1)cos Be).  (11)

Equation (11) is used to represent U¥and U$¢ and the
trigonometric function Ug

yNE in2(37) —cos2(32) L
Us(cp,O)—AsL—}-cos(&p)(sm (32> cos (32> 2)}

12)

The comparison of the global torsion potentials can
be seen in Figure 3(a). The coefficient As is used to
increase the height of the energy barrier of 15 and 40% in
the middle and at the end of the chain, respectively. We
repeat the procedure described for the previous type of
branched molecules in order to obtain the a; parameters
of the individual torsion potential as expressed in
Equation (5) [conversion between coefficients c; and a; is
obtained using Equation (20)]. The new parameters of
the individual torsion potential are shown in Table 2 and
Figure 3(b).

2.7 Molecule type C: double branched in adjacent
carbons

The last type of torsion for branched alkane that we
have analysed is the double branched structure in
adjacent carbons. In other intermolecular potential
models such as TraPPE potential [47] or UA-OPLS [4],
there is no difference between the torsion potential used
for molecules having only one methyl group or two
methyl groups branched in adjacent carbon atoms.
We have decided here to describe in a precise manner
this kind of torsion potential for molecules having the
structure 2,3-dimethyl, for instance. We have per-
formed ab initio calculations using the GAUSSIAN98
[48] quantum chemistry code. For 2,3-dimethyl butane,
a MP2 geometry optimisation was performed using
sddall basis set to determine the torsional potential
function of this molecule for conformations of the
dihedral angle in the range between 0 < ¢ < 2. This
function has been fitted using Equation (5) with n =4
in order to obtain the set of parameters for the torsion
of type CH;—~CH-CH-CH; of the AUA model, which
are given in Table 2.

This potential has been validated by comparing the
liquid—vapour properties of 2,3-dimethylbutane calcu-
lated with this potential and experimental data extract
from the DIPPR database [1] (DIPPR, 2005). The rest of
intermolecular parameters (o, €, and d5y,) are identical
to the previous type of branched molecules and
described in Table 1. NVT Gibbs ensemble Monte
Carlo simulations for the 2,3-dimethyl butane using the
new torsion potential have been performed using a
standard procedure previously described for other
molecules [14]. We computed different thermodynamic
properties such as the liquid density, the saturation
pressure, and the vapourisation enthalpy at 423 K and
our simulation results can be observed in Table 3.
We found good agreement with experimental data with
an absolute average deviation of 0.7% for the liquid
density, 10.6% for the saturation pressure and 2.2% for
the enthalpy of vapourisation at 423 K.

The procedure employed to fit this kind of
intermolecular potentials, using equilibrium thermodyn-
amic properties (either for intra or intermolecular
parameters), permits a high degree of accuracy to
reproduce thermodynamic properties, but does not
guarantee a correct description of the transport proper-
ties. That is why we have decided to also modify the
torsion potential of this type of branched molecule.
Then, in the case of molecules having two branched
methyl groups in adjacent carbons, four contributions
should be added to the total torsion as can be seen in the
Newman representation of Figure 4(b). The bending
angle 6 was fixed to equilibrium value of 112° for the
double branched alkane around adjacent carbon atoms.
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Table 2. Torsion parameters of the AUA intermolecular potential.

Single branched AUA4m (this work)
a; AUA4 [14] CH;—CH-CH,-CH; (15%) CH;—CH-CH,-CH; (40%)
ao 3.1015 3.7699 4.8865
a 7.6409 9.6459 12.9978
a 2.2294 2.2294 2.2294
as —14.4432 —17.1165 —21.5858
Double branched [47] AUA4m (this work)
a; AUA4 CH,;-C-CH,-CH; (15%) CH,;-C-CH,-CH; (40%)
ag 1.9176 2.1874 2.6639
a; 5.7526 6.5618 7.9912
a, 0.0 0.0 0.0
as —7.6703 —8.7493 —10.6552
Double branched (adjacent carbons) AUA4m (this work)
a; AUA(4) (this work) CH,;—-CH-CH-CH; (15%) CH,;—CH-CH-CH,; (40%)
ao —1.0708 —0.5045 0.4801
a 3.6827 5.3821 8.3370
a, 7.4678 7.4678 7.4678
as —10.3251 —12.5911 —16.5309
Olefins [16] AUA4)
a; CH2 = CH—CHz—CHi
ao 2.2645
a — 7.7995
as 1.8351
as 9.4369
Ay 0.0000
Note: Potential coefficients (¢;) in kJ/mol.
In this case, Ut becomes 3. Results

Ur(g, 0) =2[c;y + c1 cos(¢ + I) — 2 cos(2¢ + 26)
+ c3c08(3¢ + 36) + ¢, + c1 cos(¢ — 6)
— c2c08(2¢ — 260) + c3cos(3¢ — 30)],
(13)

Ur(g, 6) = 4cy + 4c; cos(¢) cos(0) — 4ca cos(2¢)
X c0s(26) + 4¢3 cos(3¢) cos(36). (14)

Equation (14) is used to represent U*"and U and the
trigonometric function Ug

Us(p,0)=As [2+2cos(3¢)<sin2 (33) — cos® (3%))] .

15)

Finally, the new global potential U™ (Figure 4(a)) is
obtained and the a; parameters can be computed
following the procedure employed in the two previous
cases. The new parameters of the individual torsion
potential are shown in Table 2 and Figure 4(b).

3.1 Evaluation of the optimised potential

The modified torsion potential was tested on three different
molecules at liquid state (1bar), 2-methyl pentane at
273K, 2,2-dimethyl pentane at 273K and 2,3-dimethyl
pentane at 303 K. For each molecule the density of the
system was determined in NPT calculations at the desired
temperature and pressure during 1 ns run. The resulting
density was used to produce a trajectory run of 2 ns using
the canonical Nosé—Hoover [50] NVT ensemble with a
coupling constant of 0.1ps~'. All tests were performed
with 250 molecules and the rest of the simulation details
(cut-off, long-range corrections, etc.) are similar to those
described in the Models and simulation section.

3.2 Equilibrium distribution and internal dynamics

The distribution of dihedral angles of molecules of type
A, involving the methyl group in position 2 (see Figure
1(a)), for the 2-methyl pentane molecule can be seen in
Figure 2(c). As expected the increment in the energetic
barrier modifies the form of the distribution of molecules
around equilibrium configurations, i.e. at values of the
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Figure 3. Global (a) and individual (b) torsion potential
around the CH;-CH-CH,-CHj. (c) Dihedral angle
distribution for 2,2-dimethyl butane at 273K and 1 bar.
Comparison between AUA4 and the new AUA4m model.

dihedral angle ¢ of 0° and 120° approximately, however,
the distribution of molecules in Gauche/Trans confor-
mations is not affected. For instance, we can observe that
the percentage of molecules in Gauche/Trans configur-
ations remains constant in all cases (41/59% for AUA4,
41/59% for AUA4m (+15%) and 43/57% for AUA4m
(+40%)). The effect of these modifications on the
thermodynamic properties of 2-methyl pentane com-
puted with the original AUA4 model and the new one is
very small, <0.3% of absolute deviation for liquid
density, <3% for the saturation pressure and <0.7% for
the vapourisation enthalpy.

The differences in the dihedral angle distribution of
molecules of type B, involving two methyl groups in

Table 3. Comparison of thermodynamic properties at 423 K
of 2,3-di-methyl butane computed with the torsion potentials
developed for the branched alkanes in adjacent carbons. Monte
Carlo simulations in the Gibbs ensemble are compared with the
experimental data of the DIPPR database (DIPPR, 2005) [49].

This work Experimental data Deviation (%)

p 515.6 519.3 0.7
P 1024.2 925.6 10.6
AH 20.441 20.007 22

sat

Note: Liquid density (p) in kg/m?, saturation pressure (P
vapourisation (AHy,p) in kJ/mol.

) in kPa, enthalpy of
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Figure 4. Global (a) and individual (b) torsion potential
around the CH;—CH-CH—-CHo,. (c) Dihedral angle distribution
for 2,3-dimethyl pentane at 303K and 1bar. Comparison
between AUA4 and the new AUA4m model.

position 2—2 (see Figure 1(c)), for 2,2-dimethyl pentane
can be observed in Figure 3(c). In general, we observe a
correlation between increments of the energetic barrier
with the increase of the population of molecules
at equilibrium configurations. Again, we observe a
constant ratio of Gauche/Trans configurations for this
molecule (31/69% for AUA4; 32/68% for AUA4m
(4 15%) and 33/67% for AUA4m (4+40%)). In this case,
the difference in the behaviour of thermodynamic
properties between the original AUA4 model and the
new model are <0.5% of deviation for liquid density,
<1.7% for the saturation pressure and <0.9% for the
vapourisation enthalpy.

Finally, the angle distribution of model type C
involving the two methyl groups in positions 2 and 3 (see
Figure 1(e)) for the 2,3-dimethyl pentane can be seen in
Figure 4(c). In this particular case, we have observed a
very small difference in the Gauche/Trans conformations
(18/82% for AUA4; 21/79% for AUA4m (+15%) and
22/78% for AUA4m (+40%)). This fact comes form the
small difference (<5%) in the position of the minima of
the torsion potential observed in Figure 4(b) at about
106°. This fact does not significantly affect the
thermodynamic behaviour between the two models to
reproduce several thermodynamic properties. For
instance, we observe a difference of 0.1, 4.5 and 0.4%
for the density, saturation pressure and heat of
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vapourisation, respectively, between the AUA4 and the
AUA4m model for this particular molecule.

We have also analysed the effect of the modification
of the torsion potential on the internal dynamical
properties of the three different molecules studied. For
instance, we have computed the autocorrelation function
(ACF) of the dihedral angle [see definition of cos (¢) in
Equation (4)], defined as

(cos(¢i(1))- cos(@i(0))) — (cos(@i(0)))
(cos2(¢i(0))) — {cos(¢i(0)))*

Ci(t) = , (16)

where ¢;(t) is the dihedral angle of a given set i of four
neighbouring carbon atoms in the hydrocarbon chain at
time 7. As it can be expected the decay time of the torsion
autocorrelation function [defined in Equation (16)] is
strongly affected by the modifications of the energetic
barriers on the torsion potential. The comparison of the
dihedral angle ACF for the different models and torsion
potentials tested can be observed in Figure 5. In the case
of 2-methyl pentane (Figure 5(a)), we show the torsion
concerning the methyl group in position 2. The increase
of the barrier strongly affects the relaxation of the
molecule around the branched methyl group, as revealed
by the decay time obtained by a simple exponential fit of
the three different lines, i.e. 36.2 ps for the AUA4 model,
72.78 ps for the AUA4m (4 15%) and 408.4 ps for the
AUA4m (+40%).

For the 2,2-dimethyl butane (Figure 5(b)), we show
the torsion dynamics around the quaternary carbon C in
position 2 (see Figure 1(c)). In this case, the variation of
the ACF is less pronounced than in the previous case due
to the fact that the molecule is slightly smaller. Here, we
have obtained values for the relaxation time of 20.2 ps for
the AUA4 model, 36.3 ps for the 15% and 115.93 ps for
the case of 40% of increment in the energetic barrier,
respectively. For the 2,3-dimethyl pentane (Figure 5(c)),
we show the torsion dynamics around the tertiary carbon
CH in positions 2 and 3 (see Figure 1(e)). In this case, the
relaxation times are longer than those of the two other
molecules, i.e. 53.4 ps for the AUA4 model and 119.7 ps
for the 15% and 509.8 ps for the 40% of increment in the
energetic barrier, respectively. The order of magnitude of
the relaxation times obtained for the torsions using 40%
of increment in the energetic barrier are in perfect
agreement with the values obtained in our previous work
for the optimisation of the AUA4m potential for n-alkane
molecules [25]. In this case, we expect longer relaxation
times due to the presence of the branched atoms. This
global agreement in the relaxation times is important
since we would like to have a coherent set of parameters
to apply the new potential of branched alkanes in
mixtures containing lineal n-alkane molecules.

The internal dynamics of hydrocarbons can be analysed
through the internal relaxation times [51] experimentally
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reported by NMR "*CT; spin lattice relaxation of the CH
dipole vectors of the different carbon atoms of hydrocarbon
molecules. We have computed the internal relaxation of the
unitary vector €;, describing the displacement S5y of the
AUA intermolecular potential model at different positions
inside the hydrocarbon chain. This vector is intended to
mimic the geometrical position of the valence electrons of
the CH; group, which is equivalent to the vector describing
the geometrical position of all the hydrogen atoms not
explicitly described in this kind of united atom type force
field. The rotational correlation time of each vector inside
the hydrocarbon chain was computed according to [51]

(o)

= JO (P2@u(0)-&,(0))) 1, (17)

where P, is the Legendre polynomial of second order. Asin
our previous work for n-alkanes [25] we do not describe the
relaxation time of the hydrogen atoms in methyl groups
(CHj3) atthe end of the chain. Since the AUA representation
uses neighbouring atoms to compute the direction of the
daua vector, we do not expect that this simplification can
match the behaviour of these hydrogen atoms that are more
mobile than internal hydrogen atoms due to steric reasons.

The variation of the relaxation time of the CH vector
for the carbon atom at different positions inside the chain
for the molecules analysed can be observed in Figure 5.
For the case of 2-methyl pentane, we have computed the
values for the CH; groups in positions 2, 3 and 4
(see Figurel(a)). In this case, we observe how 7.
(Figure 5(b)) presents a higher value for the CH vector of
the tertiary carbon atom, the one attached to the methyl
group in position 2 than the rest of carbon atoms in the
molecule (at positions 3 and 4). The effect of the
increment in the energetic barrier is to increase
homogeneously the values of the relaxation times of the
CH vectors analysed, i.e. slowing down the reorienta-
tional dynamics of all the internal carbon atoms. For the
2,2-dimethyl butane we have only computed the
relaxation of the CH vector of the CH, group in position
3 (see Figure 1(c)) and the results can be observed in
Figure 5(e). In this case, the values of 7, are smaller than
for the previous molecule, i.e. a faster relaxation. It is
interesting to analyse the reorientational time of the CH
vectors for the third type of molecules, the 2,3-dimethyl
pentane, in Figure 5(f). The variation of 7. in function of
the position of the carbon atom inside the chain shows a
maximum value for the CH vector in position 3. This fact
is expected since the torsion involving the two carbon
atoms at positions 2 and 3 are not symmetric with respect
to the end of the chain, i.e. the atom in position 3 is
involved in more torsions than the atom in position 2.
It would be interesting to compare these relaxation times
with NMR '*C spin lattice experimental data of branched
alkanes at the same thermodynamic conditions in order



17: 41 14 January 2011

Downl oaded At:

220 C. Nieto-Draghi et al.

(a) ()
> ' '
5 10 T 1‘5‘ :
o~ S S~ L
e S TN 2
L:') 10-1F E % 13 78
5 0
< < o12f o
LI) 10-2 . - 1.1 L 1 .
= 0 50 100 150 (2)CH (3)CH, (4)CH,
(b) (e)
100 s 1.3 —
&) RN O AUA4m (+40%)
~ RN —~ 1.2} A AUA4m (+15%)
jan) NI g, O AUA4
Q 1k N s | ~_ 11f 2
VN N E B
ol N AN
S T 09 ——u——
~ 0 50 100 150 (3)CH,
(© ()
SERC s : 1.6 :
= e TN =~ 15r 5 9
© Tl o S o4l a8
= o AUA4 sl & sl . A
QO 10-! f—— AUA4m (+15%) """~ :
= —— AUA4m (+40%) 120 o
5 . . R
= 0 50 100 150 (2)CH (3)CH (4)CH,

time (ps)

Figure 5. Comparison of the torsion correlation function for
the different types of torsion optimised, and reorientational
relaxation time 7.; of the CH vectors of carbon atoms involved
in the different torsion types. (a) and (b) for 2-methyl pentane at
273K and 1bar; (b) and (c) for 2,2-dimethyl butane at 273 K
and 1 bar, and (c) and (f) for 2,3-dimethyl pentane at 303 K and
1 bar. Numbers before each CH; group correspond to the atoms
described in Figure 1 for each type of molecule. Comparison
between AUA4 and the new AUA4m model.

to validate our calculations. However, we can observe that
the values of the reorientational time 7,.; for the three
different branched molecules analysed in this work show
are of the same order of magnitude with those observed
for the case of n-alkane molecules [25].

3.3 Shear viscosity of branched alkanes

Simulation results for the density and shear viscosity of
different short branched alkane molecules (C5-C7)
computed using both AUA4 and AUA4m models are
compared with the available experimental data in Table 4
[49,52-54]. We have included in our comparison
different molecules representing the three types of
molecules optimised in this work (A, B and C). In general,
for branched molecules of type A, we observe an average
deviation (AAD) of about 24% AUA4 and 18% for the
AUA4m. The accuracy obtained using the new potential
on this kind of molecules is in perfect agreement with the
deviation observed for small linear n-alkane molecules
with the AUA4m model [25] (~19% of AAD for
n-pentane). The liquid density is reproduced with high
accuracy by both models (less than 1%).

In the case of molecules with two branched methyl
groups on the same carbon (molecules of type B), we
observe that the AUA4m model does not behave as well
as in the previous case. We obtain an AAD of 43 and
38% for the AUA4 and AUA4m models, respectively.
The density is well reproduced by the models with an
AAD <1%. We observe that the AUA representation
shows important limitations to reproduce the experimen-
tal shear viscosity of small molecules with ‘star’ forms,
like the 2,2-dimethyl butane due to the absence of
explicit hydrogen atoms in the model. In this particular
molecule, the presence of three methyl groups plays an
important role on the friction between molecules. This
fact becomes evident if we compare the difference in
viscosity between three branched C6 isomer molecules
but having different numbers and positions of methyl
groups in Figure 6(a). For instance, we can see how the
AUA model is not able to follow the trend observed in
the experimental data at 273 K and 1bar (212 pPas for
the 2-methyl pentane, 395 pPas for the 3-methyl pentane
and 477 pPas for the 2.2-dimethyl butane). If we
increase the size of the chain, the importance of the
hydrogen atoms of the methyl groups becomes less
important for the viscosity, since the effect of the torsion
potential also becomes important. This fact can be
clearly seen in Figure 6(b), when comparing the same
type of molecules than in Figure 6(a) but slightly longer.
In this case, only the new AUAm model follows the
change in the shear viscosity with the number and
position of methyl groups inside of the chain observed
experimentally.

For the last type of molecules (type C), we have
obtained an AAD of 20% for the AUA4 and 15% for the
AUA4m. We have compared our simulation results with
experimental data at different pressures up to 600 bars at
two different isotherms (303.25 and 333.15 K) in Table 4.
We observe a good agreement between the experimental
data and the results obtained with the optimised AUA4m
model. It is interesting to compare the behaviour
observed between these type of molecules, presenting
two methyl groups at adjacent carbon positions, and the
previous group (B). Here, the effect of increasing the
energetic barrier increases the accuracy of the viscosity
of 2,3-dimethyl pentane of about 25% for the new model
with respect to the original one. Again, we have obtained
an AAD of <2% for the liquid density for both models.

The comparison of the simulation results and the
available experimental data [55,56] for the liquid density
and the shear viscosity of different C8—C10 branched
molecules can be seen in Table 5. In this case, we
observe a better performance of both potentials (AUA4
and AUA4m) than in the case of smaller molecules
(C5-C7). Here, the optimised AUA4m potential
presents a global AAD of 1.4, 18.8 and 7.9% for
molecules of type (A, B and C), respectively (the original
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Table 4. Comparison of the simulation results of the AUA4 and AUA4m models for different C5—C7 branched molecules.

T P p Ap p (exp) % Dev 1n (MD) An 7 (exp) % Dev
2-Methyl-butane
AUA4 273.15 1 641.6 0.17 217.9 124 270.3 —194
AUA4m 642.08 0.17 22491 17.33 —16.8
AUA4 298.15 1 616.67 0.29 620.1 —0.55 182.7 7.1 212 —13.8
AUA4m 616.69 0.18 —0.55 189.47 7.32 —10.6
2-Methyl-pentane
AUA4 273.15 1 680.78 0.13 243.7 17.6 372 —345
AUA4m 681.1 0.16 270.94 19.65 —27.2
AUA4 298.15 1 657.47 0.08 653.2 0.65 219.27 20.83 286 —233
AUA4m 657.87 0.16 0.71 228.08 15.81 —20.3
AUA4 328.58 1 627.57 0.25 161.18 8.38 215.1 —25.1
AUA4m 629.01 0.31 188.33 17.82 —124
3-Methyl-pentane
AUA4 273.15 1 681.26 0.27 271 18.2 395 —314
AUA4m 682 0.09 289.55 17.89 —-219
AUA4 298.15 1 658.96 0.17 664.5 —0.83 227.9 9.2 306 —255
AUA4m 658.71 0.14 —-0.87 238.89 10.62 —222
2,2-Dimethyl-butane
AUA4 273.15 1 686.61 0.2 261.98 15.53 477 —45.1
AUA4m 685.78 0.28 281.14 17.93 —41.1
AUA4 298.15 1 661.95 0.24 661.6 0.05 205.24 19.05 351 —41.5
AUA4m 661.23 0.25 —0.06 223.83 9.13 —36.2
3-Ethyl-pentane
AUA4 296.78 0.07 685.5 0.26 696.53 —1.58 271.01 20.26 364 —255
AUA4m 685.84 0.21 —1.53 293.83 13.09 —19.3
AUA4 337.42 0.39 648.53 0.34 659.55 —1.67 192.51 22.31 251.34 —234
AUA4m 649.16 0.38 —1.58 230.69 28.82 —82
2-Methyl-hexane
AUA4 298.15 1 686.37 0.23 678.7 1.13 285.72 31.57 360.7 —20.8
AUA4m 687.69 0.18 1.32 304.70 22.03 —155
3-Methyl-hexane
AUA4 294.28 0.067 691.98 0.25 687.41 0.66 301.64 50.45 373.58 —19.3
AUA4m 692.99 0.26 0.81 312.42 17.17 —164
AUA4 354.51 0.74 636.38 0.30 637.83 —-0.23 170.71 19.09 215.83 —209
AUA4m 636.38 0.29 —-0.23 185.49 18.12 —14.1
2,3-Dimethyl-pentane
AUA4 303.15 1 678.81 0.29 686.3 —1.09 282.79 17.7 356 —20.6
AUA4m 680.09 0.15 —0.90 313.03 20.66 —12.1
AUA4 300 705.58 0.09 711.6 —0.85 360.85 18.72 485 —25.6
AUA4m 706.59 0.15 —0.70 389.09 24.63 —19.8
AUA4 600 725.53 0.11 730.3 —0.65 483.29 22.68 624 —225
AUA4m 726.31 0.12 —0.55 513.00 34.52 —17.8
AUA4 333.15 1 652.4 0.32 659.7 —1.11 226 17.87 262 —13.7
AUA4m 653.53 0.19 —0.94 224 16.78 —14.5
AUA4 300 684.45 0.19 690.5 —0.88 314.94 24.45 369 —14.7
AUA4m 685.25 0.15 —0.76 325.06 35.25 —119
AUA4 600 706.82 0.19 719.9 —1.82 368.58 23.03 474 —222
AUA4m 707.58 0.16 —1.71 405.27 329 — 145
AAD
AUA4 0.92 244
AUA4m 0.88 18.9

Note: The experimental data are taken from Ref. [52—54] and DIPPR database [49]. Temperature (7) in K, pressure (P) in bar, density (p) in kg/m3 and viscosity (1) in pPas.
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Figure 6. Variation of the shear viscosity for branched alkanes
in function of the number and position of the methyl groups.
(a) C6 molecules at 273 K and 1 bar, and (b) C7—-C8 molecules
at 294K and 1bar. (c) Variation of the shear viscosity of
different ‘2-methyl’ branched alkanes in function of the size of
the chain at 298 K and 1 bar. Comparison between AUA4 and
the new AUA4m model. Experimental data from [52—54].

AUA4 model presents an AAD of 9.1, 23 and 25%,
respectively). This behaviour is expected since the
optimisation of the torsion potential works better for
longer alkane chains [25] as can be seen in Figure 6(c).
Here, we have computed the variation of the shear
viscosity at 298 K and 1 bar with the chain length for
molecules having a methyl group in position 2.

The comparison of the global AAD between the
AUA4 model and the AUA4m model for the three
different types of molecules studied here can be observed
in Figure 7. In general, we obtain a global performance of
about 16.5% of AAD for the shear viscosity with the new
AUA4m model, which is less than the 24% obtained with
the original AUA4 model.

3.4 Shear viscosity of olefins

The dynamical behaviour of olefins reproduced by the
AUA4 model has not been tested in the past. We have
decided to do it here since our objective is to perform a
molecular simulation of fuel gasoline, which may
contain up to 10% of this kind of hydrocarbons.
The AUA4 model of olefins developed by Bourasseau
et al. [16] presents a good performance reproducing
thermodynamic properties (<1.3% for liquid density,
<2.1% for the enthalpy of vapourisation and <11% for

the saturation pressure). The intermolecular potential
parameters can be seen in Tables 1 and 2. Olefins are
more rigid than n-alkane molecules, that is why our
preliminary tests, trying to modify the torsion parameter,
reveal that this kind of molecule is insensitive to this
procedure. We have then decided to keep unchanged the
parameters of the original AUA4 model. The comparison
between the available experimental data [49,55] and our
simulation results for the density and the shear viscosity
for small olefins such as 1-butene, trans-2-butene,
I-hexene and trans-2-hexene can be observed in
Table 6. We have obtained a good agreement between
the experimental data and the results computed with the
AUA4 model with an AAD of 11.9% for the shear
viscosity and less than 0.6% for the liquid density.

3.5 Molecular simulation of fuel gasoline

The development of a new generation of flexi-fuel motor
engines, working at blend composition of gasoline and
bio-ethanol requires the knowledge of thermophysical
properties of complex mixtures at different thermodyn-
amic conditions. A systematic campaign of experimental
data acquisition on these cases can be expensive.
Molecular simulation can be used as a good alternative
to obtain these properties, however, the description of
real complex mixtures such as those present in fuels
represent a great challenge. The problem comes from the
fact that real fuels may have more than 200 chemical
compounds grouped in several families of hydrocarbons,
i.e. n-alkanes (also known as normal paraffins), branched
alkanes, cyclic alkanes (naphtenes), olefins, aromatics
and other chemical species such as oxygenated and
sulphur compounds. Following previous experience on
simulating complex mixtures such as natural condensate
gases [57], we have reduced the number of compounds
to 12 in order to perform molecular simulations.
We propose in this work a consistent methodology to
represent the composition of standard gasoline fuels by
the use of limited amount of compounds. To achieve this
simplification we have applied a lumping method called
‘dynamical cluster’ [58]. This method is commonly
applied in the oil industry to simplify the thermodynamic
representation of complex streams by a reduced number
of ‘pseudo components.” These components do not
necessarily correspond to an exact physical real chemical
compound. However, in our particular case we have done
an additional final step to ‘match’ (also known as
delumping) as accurately as possible the hypothetical
pseudo component with real chemical species in order to
perform molecular simulations on a specific mixture.

3.6 Method for gasoline fuel lumping

As mentioned before, the aim of a lumping method is to
represent a fuel oil with a reduced number of components
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Table 5. Comparison of the simulation results of the AUA4 and AUA4m models for different C8—C10 branched molecules. The
experimental data are taken from Ref. [55,56] and the DIPPR database [49].

T P p Ap p (exp) % Dev n (MD) An 7 (th) % Dev
2,2,4-trimethyl-pentane
AUA4 298.15 1 711.56 0.21 687.74 3.56 345.04 18.06 480 —28.12
AUA4m 714.01 0.21 687.74 3.82 375.35 34.4 480 —21.80
AUA4 308.15 1 702.7 0.27 679.41 343 290.92 16.81 432 —32.66
AUA4m 705.46 0.17 679.41 3.83 324.04 22.07 432 —24.99
AUA4 324.95 0.21 690.76 / 667.63 3.46 280.99 37.85 342.05 —17.85
AUA4m 690.76 / 667.63 3.46 303.91 50.16 342.05 —11.15
AUA4 364.74 0.81 645.75 / 631.62 2.24 191.18 22.88 246.52 —22.45
AUA4m 645.75 / 631.62 2.24 203.18 4.84 246.52 —17.58
2,2-Dimethyl-hexane
AUA4 294.78 0.04 720.63 0.23 694.52 3.76 325.08 32.67 520.24 —37.51
AUA4m 721.2 0.26 694.52 3.84 419.84 46.22 520.24 —19.30
AUA4 366.19 0.67 654.33 0.25 632.3 348 196.11 10.81 241.74 —18.88
AUA4m 655.01 0.13 632.3 3.59 198.44 17.28 241.74 —-17.91
2,3-Dimethyl-hexane
AUA4 331.83 0.15 678.77 0.2 681.43 —0.39 243.71 65.71 330.05 —26.16
AUA4m 680.38 0.2 681.43 —-0.15 299.4 13.52 330.05 —-9.29
AUA4 391.61 1.09 625.94 / 628.94 —0.48 163.69 222 202.17 —19.03
AUA4m 625.94 / 628.94 —0.48 188.99 22.19 202.17 —6.52
2-Methyl-octane
AUA4 295.63 0.007 727.16 0.27 711.55 2.19 478 53.57 549.47 —13.01
AUA4m 727.23 0.18 711.55 2.20 541.1 20.99 549.47 —-1.52
AUA4 357.18 0.14 675.1 0.31 661.34 2.08 283.06 24.36 298.51 —5.18
AUA4m 675.52 0.38 661.34 2.14 294.96 36.35 298.51 —1.19
2,2-Dimethyl-octane
AUA4 304.37 0.007 743.04 0.23 716.12 3.76 523.63 37.27 774.89 —3243
AUA4m 743.25 0.1 716.12 3.79 610.4 25.19 774.89 —-21.23
AUA4 344.05 0.05 709.16 0.35 685.58 3.44 319.82 37.76 475.13 —32.69
AUA4m 709.47 0.41 685.58 348 395.87 53.27 475.13 —16.68
AAD
AUA4 2.88 23.9
AUA4m 2.75 14.1

Temperature (7) in K, pressure (P) in bar, density (p) in kg/m® and viscosity (1) in wPas.

without losing too much information on this fuel. One of
the methods used for this purpose is to consider all the
components of the detailed composition of the fuel and
then regroup them into a given number of pseudo
components. Properties of each pseudo component are
then estimated as function of the properties of initial
components (i.e. the real detailed composition) present in
the corresponding pseudo component.

3.7 Obtaining a detailed composition of the fuel

Main properties of each component of the fuel such as
critical properties (temperature 7, and pressure P, at least),
molecular weight M, acentric factor w, carbon to hydrogen
ratio C/H, etc.) must be known. In this case, we have used a
standard gasoline. This is a typical standard gasoline fuel
used in car engines where a gas chromatography analysis,
using an adapted Carburane® analysis tools [59,60],
allows us to identify very precisely all the components

of the fuel (more than 250). The volume distribution of the
main chemical species and the size of hydrocarbon chains
can be observed in Table 7. The DIPPR thermodynamic
properties database [49] is then used to associate as many
components as possible with their thermodynamic proper-
ties. In this work, it was decided to group, in a first lumping
step, the components of a same chemical family (n-paraffin,
iso-paraffin, aromatics, naphtenes, etc.) and same number of
carbon in order to reduce the number of initial components
and to avoid components without all their thermodynamic
properties precisely defined. It is thus possible to go from
more than 250 components identified with a group
contribution analysis to about 50 real components without
losing much information. If the detailed composition is not
known completely (for example with standard diesel fuels
and heavy fuel oils for which almost 15% (molar
composition) of the components are C15 4+ and they are
not identified with a classical gas chromatography analysis)
then the detailed composition is obtained with a
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Figure 7. Comparison absolute average deviation between the
simulation results and the experimental data for the different
molecules involving the three different types of torsion: A,
single-branched; B, double branched and C, double branched in
adjacent carbon atoms. Comparison between AUA4 and the
new AUA4m model.

‘breakdown’ accomplished on a true boiling point (TBP)
curve'. The complete procedure of the lumping method can
be observed in Appendix 2.

3.8 Lumping of a standard non-oxygenated gasoline
We have decided to use 12 pseudo components for which
values of T, P, V., and w, molecular weight, C number
and C/H ratio are obtained during the lumping procedure.
We have not included the oxygenated compounds in our
‘hypothetical gasoline’ since these additives of gasoline

presents a global composition of less than 3%, and
because we will study the influence of these compounds in
future work. The result of the lumping methodology
applied to the experimental composition of gasoline and
the assignment of chemical compounds for each pseudo
component can be observed in Table 8. The physical
properties obtained in the lumping procedure allow us to
assign a chemical compound to each pseudo component.
This ideal gasoline contains about 36% of aromatics, 16%
of normal paraffins, 30% of iso-paraffins (with almost half
of the composition concerns the 2,2,4-trimethyl-pentane
or iso-octane) and 16% of olefins. For this particular
choice, cyclic (saturated) alkanes are not represented,
however, this is not a serious problem due to the low
concentration of this kind of compounds in the real
gasoline (less than 5%).

In order to check, in a qualitative way, the assignment
of components (or delumping) we have computed a
Monte Carlo simulation in the Gibbs ensemble with the
global composition, the pressure and the temperature
fixed at 400K and 5 bar, respectively. The results are
shown in Table 8 and compared with the composition
obtained with the pseudo components at the same
thermodynamic conditions. We observe a global
agreement in the composition of both phases.

3.9 Simulation of viscosity of gasoline fuel

The different chemical compounds of our synthetic
gasoline are described by the three different types of
AUA intermolecular potentials for which its dynamical
behaviour was checked at different thermodynamic
conditions. The n-alkanes and branched alkanes are
treated by the new torsion potential of the AUA4m model

Table 6. Comparison of the simulation results of the AUA4 model for olefin molecules ch-AUA4 model and of 1,2,4-trimethyl
benzene. The experimental data are taken from [55] and the DIPPR database [49].

T P p Ap p(exp) % Dev  m (MD) An M (exp) % Dev
1-Butene 203.15 0.0304 6903 021 694.13  —0.55 330.1 16 378 —12.67
238.15  0.27 6523 021  657.7 —-0.82  209.0 18 250 —16.40
trans-2-Butene 298.15 1 599.8 0.18 599.3 0.08 145.7 10 183 —20.3
400 1 4334 0.14 4327 0.16 56.9 5 62 —14.0
1-Hexene 290 0.1675 680 0.18 - - 240.0 12 257 —6.61
333 0.899 640 0.17 6349 0.80 171.0 15 199 —14.07
400 5.45 560 0.13 558.6 0.25 115.1 11 144 —20.07
trans-2-Hexene 298.15 1 680.3 0.2 673.2 1.05  277.0 20 281 —1.42
400 1 572.7 0.18 566.1 1.16 108.6 18 125 —13.52
AAD 0.61 11.9
1,2,4-Trimethyl benzene 298.15 1 879.5 0.2 872.18 0.84 858 30.0 835 2.75
400 1 790.8 04 786.6 053 287 150 293 —2.05
AAD 0.69 2.40

Note: Temperature (7') in K, pressure (P) in bar, density (p) in kg/m3 and viscosity (1) in pPas.
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Table 7. Gasoline composition distributed by main families of
hydrocarbons and by the population of carbon number as obtained
from the Carburane® gas chromatography ([59,60]).

By family Xw (%) Xm (%) X, (%)
Paraffins 8.394 10.673 9.938
iso-Paraffins 31.361 29.979 34.464
Naphtenes 4.654 4.519 4.509
Aromatics 40.292 36.241 34.373
Olefins 12.648 15.781 14.055
Oxygenated compounds 2.651 2.807 2.661
By number of carbon

C3 0.055 0.116 0.080
C4 5.793 9.405 7.320
Cs 18.414 23.463 20.911
Co6 10.588 11.848 10.985
Cc7 18.958 18.715 17.608
C8 26.887 22.838 25.614
C9 10.526 8.029 9.494
C10 4.460 3.063 3914
Cl1 2.341 1.442 2.130
Cl12 1.834 1.008 1.806
C13 0.121 0.062 0.114
Cl4 0.014 0.006 0.013
CI15 0.011 0.005 0.01

Note: Compositions are expressed in weight (X,,), mole (X,,) and volume (X,)
fraction.

developed in this work and in [25]. Olefins are described
using the AUA4 model developed in [16] and our
calculation on the shear viscosity reveal that these
potentials are accurate enough to be used without
modifications. Aromatics are represented by a recent ch-
AUA4 model that includes the electrostatic interactions
of this kind of compounds [20,21,60]. In this case, we
have verified the dynamical behaviour computing the
shear viscosity and the density of the 1,2,4-trimethyl
benzene at 298.15 and 400K at saturation in Table 6.
We have obtained an AAD of 0.35% for the liquid
density and 2.4% for the shear viscosity. After this
verification of the validity of the different chemical
compounds used in our model gasoline we are able to
describe its dynamical behaviour with confidence.
According to international standards, the shear
viscosity of a gasoline must be between 370 and
440 nPas and the liquid density between 694 and
794 kg/m? at 293 K at ambient pressure [61,62]. We have
performed molecular dynamics simulations in the NPT
ensemble using the composition obtained in Table 8§ to
compute the shear viscosity and density of our gasoline
model at 293.15K and [bar and at 313K and 1 bar.
We have obtained a shear viscosity of 350.1 = 30 wPas
and a liquid density of 746.9 + 0.2kg/m” at 293K and
a viscosity of 285.0 = 20 wPas and a liquid density of
728.1 + 0.3kg/m’> at 313 K. As can be observed in Table
8, our simulation results are in agreement with the
accepted range for the value of the density and slightly
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lower for the value of the shear viscosity (approximately
5.7% of AAD with respect to the lower limit of the
viscosity range) at 293.15 K. In addition, we have used
the correlation equation of Lohrenz et al. [63] (LBC),
which is well adapted to describe hydrocarbon mixtures,
to compare with our simulation results in Table 7. We can
observe a reasonable agreement between our calculations
and the results obtained with the LBC correlation. It is
important to remark that this type of equation is useful at
near ambient conditions; however, they cannot be
applied to estimate the viscosity of fuels at extreme
pressure under injection conditions like the ones
encountered in motor engines. Finally, we have
estimated the shear viscosity of our fuel mixture at
313.15K from ambient pressure up to 2500 bar and the
results can be observed in Table 8.

4. Conclusions

The anisotropic united atom (AUA4) model for
branched alkanes was optimised in order to better
reproduce dynamical properties such as the shear
viscosity by means of an increment of the energetic
barriers of the torsion potential. The new potential
(AUA4m) presents a general dynamic behaviour which
is compatible with the AUA4m model for n-alkane
molecules [25] and preserves the accuracy achieved for
thermodynamic properties in the AUA(4) model for the
density, vapour pressure, enthalpy of vapourisation and
the percentage of molecules in trans/gauche confor-
mation. The improvement on the shear viscosity was
validated by a systematic comparison of our simulation
results on 13 different types of molecules with the
available experimental data at different temperatures and
pressures. In general, we observe that the new potential
has an AAD of about 16.5%, which is substantially
lower than the 24% obtained with the original AUA4
model. Our simulation results on olefin hydrocarbons
reveal that the AUA4 model is accurate enough to
reproduce experimental shear viscosity data with an
AAD of 12%.

A consistent lumping methodology has been applied
to simplify the composition of different chemical species
present in real fluids like fuel gasoline. The resulting
synthetic gasoline composition was, then represented by
the AUA model for different chemical species (i.e.
n-alkanes, branched alkanes, olefins and aromatics) to
perform molecular simulations. The simulation results of
the shear viscosity of the synthetic gasoline are in good
agreement with the experimental data and correlation
estimation of shear viscosity at ambient conditions.
Simulations were then extended to predict the shear
viscosity of a model gasoline at extreme pressure
conditions.



17: 41 14 January 2011

Downl oaded At:

Table 8. Gasoline composition as obtained by the lumping methodology for 12 pseudo constituents.

Number of
Pseudo component X (%) T. P. Ve Z. w M., carbon C/H ratio Assigned component
1 12.68 5933 411 0.317 0.264 0.2644 0.0925 7.03 0.877 Toluene
2 11.99 617.0 354 0.375 0.259 0.3265 0.1062 8.00 0.800 o0-Xylene
3 9.88 460.4  3.38 0.306 0.27 0.2279 0.0722 5.00 0.417 n-Pentane
4 8.24 480.1 3.67 0.296 0.272 0.2464 0.0715 5.10 0.500 Trans-2-Pentene
5 17.52 550.6  2.63 0.456 0.262 0.3224 0.1109 7.79 0.451 2,2 4-Trimethyl-pentane
6 6.70 4992 3.04 0.368 0.2694 0.2825 0.0862 6.00 0.429 3-Methyl-pentane
7 6.40 4232 378 0.256 0.2745 0.1983 0.0581 4.00 0.400 n-Butane
8 12.01 6549 288 0.49 0.2593 0.4098 0.1331 9.80 0.635 1,2,4-Trimethyl-benzene
9 5.06 5213 321 0.364 0.2696 0.2495 0.0872 6.19 0.486 trans-2-Hexene
10 4.31 5472 478 0.257 0.2703 0.2057 0.0758 5.70 0.794 2-Methyl-hexane
11 3.12 416.1  4.01 0.237 0.2751 0.1933 0.0557 3.96 0.495 trans-2-Butene
12 2.09 469.7  3.37 0.313 0.27 0.2515 0.0722 5.00 0.417 2-Methyl-butane
Validation of the assignment of compounds liquid—vapour phase composition at 400 K and 5 bar
Pseudo component Pseudo Assigned Pseudo Assigned Assigned component
X X,
| 0.135 0.137 0.050 0.053 Toluene
2 0.130 0.134 0.024 0.029 o0-Xylene
3 0.087 0.082 0.200 0.200 n-Pentane
4 0.076 0.079 0.135 0.098 trans-2-Pentene
5 0.185 0.181 0.080 0.147 2,2,4-Trimethyl-pentane
6 0.060 0.062 0.075 0.096 3-Methyl-pentane
7 0.045 0.043 0.200 0.204 n-Butane
8 0.132 0.136 0.008 0.015 1,2,4-Trimethyl-benzene
9 0.051 0.052 0.045 0.036 trans-2-Hexene
10 0.043 0.046 0.041 0.031 2-Methyl-hexane
11 0.023 - 0.106 - trans-2-Butene
12 0.019 - 0.040 - 2-Methyl-butane
P1 Pv
655.1 669.2 12.5 13.4
Shear viscosity of model gasoline
Model T P p n
Exp. [63] 293.15 1 694-794 370-440
PR + LBC* 1 743.99 406.87
MD 1 746.9 = 0.3 350.1 = 30
PR + LBC* 313.15 1 728.5 342.08
MD 1000 728.1 £ 0.3 285.0 = 20
MD 2500 7982 = 0.3 500.1 = 35
MD 854.6 £ 0.4 1337.9 = 120

Note: Composition in mole fraction, critical temperature (7;) in K, critical pressure (P.) in bar, critical volume (V) in m*/kmol, molecular weight (M,,) in kg/mol. Shear viscosity (7) in pPas.
#Viscosity has been estimated with the composition of the first stage of lumping containing 50 different compounds.
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The present work represents a good example of the
potentialities of the application of molecular simulation
techniques to challenging problems encountered in
industrial applications. The success of this contribution
relies on the development of transferable and accurate
intermolecular potentials and simulation methods, able
to predict thermo physical properties of real fluids in a
wide range of thermodynamic conditions.
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Note

1. A breakdown of the composition is obtained by the
evaporation of the fluid at different temperatures (called
True Boiling Point). The vapour obtained at each step is then
analyzed separately.
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Appendix

Al. Expressions of torsion potential

There are different trigonometric expressions to describe the
torsion potential. For instance, Equation (5) can be expressed as

4
Ue) =; a;cos'(@) = ap + % + [al + 32—3] cos(¢)

a
2
Here, the number of parameters a; i > 4 are zero for the case of
branched alkanes. We can compare the right hand side of
Equation (18) with the standard form of the torsion potential in
Fourier series

+ —= cosRe) + % cos(3¢). (18)

a a a a
ao—l—?z + [al + 313] cos(p) + 72 cos(2p) + f cos(3¢) = ¢y

+ c[1 + cos(@)] + c2[1 — cose)] + c3[1 + cosBe)].
(19)

Then, in the case of our optimisation, we can convert
coefficients ¢; on a; and vice versa with the following matrix

co 1 -1 1 -1 ap
o o 1 0 34| |a
ol 1o o -12 o || a (20)
co 0 0 0 1/4 as

A2. Regroup initial components into pseudo
components: lumping

The method used in this work is the so-called lumping by
‘dynamical cluster’ [58]. Main stages are given below:

(a) A number n of pseudo components (or classes) is chosen.
(b) n major components of the detailed composition are
chosen as initial centres.
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Detailed composition

| Choice of initial n centres (c) |

v

PropN;, =

Calculation of normalised properties

Prop;, — Min(Prop;, 1)

Max(Prop;, 1) — Min(Propy, 1)

>

.

Calculation of distances

NP
d;, = 3 Pk|Prolezk — PropN%, | [——

PropN;;, =
TP Max(Propj, x) — Min(Propy, x)’

where Min(Prop;;, x) and Max(Propy, x) are, respectively,
the minimum and maximum values of the kth property
among the x components i of the detailed composition. This
calculation modifies all the properties to be in the range 0—1
and ensure that all the properties have the same weight.
Most used properties are (7, P., V., M,,, w and C/H ratio).

(d) Each component is allocated to the nearest centre. To do so,

distances of each component (7) to all the centres (c) are

(e)

k=1
Allocation of components to a class
+ Yes
Calculation of the centres of the n classes
Data base —» Prop.
PI‘Oka — 2 X Pik
2%
Was there a move from class to class?
Calculation of the Properties of the pseudo
(Tc, Pc, M, w, NbC, C/H,---)
Calculation of the phase envelop of the lumped fluid
(Peng et Robinson no kij)
Figure 8. Lumping method with ‘dynamical cluster’.
(c) Calculation of normalised properties PropN; of each calculated as follow:
component i and property k according to
Propiy. — Min(Propy, x) NE 2 2
Q1) dic =) Pi|PropNj, — PropN%, (22)

k=1

where NP is the number of properties to be used, PropN;; is
the kth normalised property of component 7, and P is the
weight the user wants to apply on a specific property. In this
work, P, will be equal to 0 or 1 (if one property is used or not
in the determination of d;..).

Centres (c) of all the classes are then calculated with molar
fraction x; and properties PropN;, of components included
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in the class:

> i PropNj
S

(f) These centres (c¢) are considered as new centres of the n
classes. New distances as obtained in stage (d) are then
calculated and an iterative calculation begins.
The calculation stops when no component changing classes
from one stage to the next one.

PropNy = (23)

A2.1 Estimate properties of pseudo components

The procedure to determine the physical properties of each
pseudo component is resumed here and in Figure 8.

(a) Properties independent of temperature such as T, P., V.,
M,, and w, number of carbon atoms in the molecule and
number of hydrogen atoms (Prop)pscudo ;) Of €ach pseudo
component are estimated from corresponding properties of
initial components being part of the pseudo component:

> x; Propj
_jEi

Propi)pseudoi = Ty (24)
. ']

Critical volume V,)pseudo Of €ach pseudo component i is
estimated with a different equation:

Vol A +1ve A
5 Y g { A

_ JEikEi
Vc)pseudoi - ’
E Xj Xk

i€c

(25)

where x; is the molar fraction of the initial component j and
V.); is the critical volume of the initial component j (part of
the pseudo i). The critical compressibility factor Z.)pseudo i
of pseudo i is estimated with the equation defining this
factor:

— Popseudoi Velpseudos

Zc)pseudoi - R Tc)peeudo' (26)

The normal boiling point (NBP) temperature and the molar
volume at NBP are estimated with the equation of state of Peng
and Robinson [64] using the necessary properties defined above
(T, P, Ve, My, and w).



