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Abstract

A new model for the n-alkane homologous series has been developed, param-
eterized to the vapor-liquid coexistence properties for a range of chain lengths.
The model utilizes the Buckingham exponential-6 potential to describe the non-
bonded interaction energy. Histogram reweighting grand canonical Monte Carlo
methods were used to determine the model parameters. The new model repro-
duces the experimental saturated liquid and vapor densities and vapor pressure
for ethane through octane to within average errors of 0.5%, 2.1% and 2.2% re-
spectively. Critical temperatures and densities were also found to be in good
agreement with experiment. Critical pressures are slightly overestimated for
longer chain lengths. Comparisons were made to the TraPPE [J. Phys. Chem. B
1998, 102 2569] and NERD [J. Chem. Phys. 1998, 108, 9905] models. The two pre-
vious models reproduce the liquid properties with comparable accuracy to the
proposed model, however the new model was found to describe the vapor pres-
sures more accurately. Liquid densities were determined for the new model for
chain lengths as long as C,,. Agreement to experiment is within 1% at atmos-
pheric pressure. Phase diagrams were calculated for mixtures of ethane-heptane,
ethane-decane, ethane-eicosane, and octane-dodecane. The new model achieves

near-experimental predictive accuracy for these mixtures.



Introduction

Hydrocarbon molecules are important for both biological systems and the
chemical industry. For example, in biological systems the side chains of several
amino acids, the building blocks for proteins, consist of alkyl groups. Fatty acids
are carboxylic acids with hydrocarbon chains of 4 to 36 carbons. They are the
building blocks for lipids, which aggregate in an aqueous medium to form mi-
celles and bilayers, structures related to liposomes and cell membranes. Indus-
trially, hydrocarbons are used as feedstock for the production of natural gas, pet-
rochemicals, gasoline, kerosene, oil, and paraffin wax. They are utilized as in-
termediates or solvents in the manufacturing of many products and are the
building blocks for synthetic polymers.

Recent advances in simulation techniques have allowed calculation of
phase equilibria of complex systems from atomistic models of the intermolecular
interactions. Potential models have been proposed for a wide range of compo-
nents™. Many potential models have been parameterized to liquid densities and
heats of vaporization at atmospheric conditions. Such models do not give a satis-
factory description of thermodynamic properties away from the state points at
which they were parameterized7. For accurate description of phase behavior
over a broad range of temperatures, it is necessary to develop new models.

The simplest of hydrocarbons are the n-alkanes, which are flexible linear

chains of methylene groups terminating at both ends with a methyl group.



Many other classes of organic molecules, such as alkanols, amines, ketones, and
carboxylic acids are formed from the addition of functional groups to the alkane
backbone. A logical starting place for development of intermolecular potential
models for the phase behavior of real fluids is thus the n-alkane series.

There have been several previous studies aimed at developing such po-
tential models. A common approach has been to use a "united-atom™ description
in which the molecules are separated into methyl and methylene groups, with an
interaction site placed at each of the carbon centers. The Lennard-Jones potential
has been frequently used to describe the nonbonded energy of interaction be-
tween united atoms. For example, Laso et al. examined the phase behavior of n-
alkanes up to pentadecane8 using a model first proposed by de Pablo et al.’

Siepmann, Karaborni, and Smit investigated the phase behavior of n-alkanes

with as many as 48 carbon centers’ "™, Siepmann et al. showed that the OPLS
model’ significantly overpredicts the critical temperatures of longer n-alkanes
and that the de Pablo model’, although closer to the experimental value, overes-
timates the critical temperatures as well’. Subsequently, Siepmann et al. intro-

duced the SKS model’, which results in critical temperatures for long n-alkanes

that are in better agreement with experimental data. Most recently, Martin et al.

and Nath et al. have introduced the most accurate models currently available,

TraPPE"” and NERD."” Both reproduce well the critical parameters and saturated



liquid densities of n-alkanes over a wide range of chain lengths. However, the
models are less accurate for the saturated vapor densities and vapor pressures.

An alternative to the united atom description is the more realistic all-atom
representation”. With an all-atom model interaction sites are placed at each of
the carbon and hydrogen centers. This increases the number of interaction sites
by approximately a factor of three, which in turn increases the computational
demand by roughly an order of magnitude. Although these models are compu-
tationally more intense, it is expected that the increased level of detail is neces-
sary to successfully describe dense liquids and the solid phase of alkanes. In ad-
dition, these models may be required to correctly describe transport properties.
Chen et al.”® have studied the phase behavior for a variety of existing all-atom
models.

In this work, we propose a new united-atom model for the n-alkane ho-
mologous series. Our approach differs from previous work in two ways. The
first is that we use the Buckingham exponential-6 potential to describe the non-
bonded interaction energy. It has been shown elsewhere® that the added flexi-
bility of the exponential-6 potential is needed to correctly describe the liquid and
vapor properties of a relatively simple molecule like methane using a united-
atom model. The expontial-6 potential has also been used with water models to
obtain an improved description of the thermodynamic17 and structural™® proper-

ties of water.



The second difference in our approach is the use of histogram reweighting
techniques to fit the model parameters. Previously, the Gibbs ensemble
method™* has been used to determine coexisting densities and vapor pressures
for a trial parameter set. While the Gibbs ensemble is a powerful tool that is use-
ful for a wide range of applications it has drawbacks for fitting potential pa-
rameters. In particular, the uncertainty in the vapor pressure and vapor density
is usually around 10%. In comparison, the vapor pressure and vapor density are
calculated to within less than a percent using histogram reweighting. This al-
lows one to fine-tune the parameters such that both the liquid and vapor proper-
ties are reproduced to a high level of accuracy. The drawback of histogram
reweighting is that the process takes longer because multiple runs are needed to
cover the range of temperatures and densities relevant for determining a com-
plete coexistence curve. However, we feel that the added computational time is
justified when determining potential parameters.

This paper is organized as follows. We first describe the models used and
the approach for determining the new n-alkane model potential parameters. We
then describe the simulation techniques used to calculate the properties of inter-
est. Next, results are presented for the new model and comparisons are made to
the TraPPE and NERD models. In particular, coexisting densities and vapor
pressures were determined for pure components as well as liquid densities for
long chains. In addition, mixture calculations were performed for ethane-

heptane, ethane-decane, ethane-eicosane, and octane-dodecane systemes.



Model Development

Each of the models used in the present study incorporate a united-atom
description of the molecules. The non-bonded interactions between groups on
different molecules and groups belonging to the same molecule separated by
more than three bonds are described by a pairwise additive intermolecular po-
tential. The NERD and TraPPE models utilize the Lennard-Jones 12-6 intermo-
lecular potential.
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Where € and o are the Lennard-Jones energy and size parameters respectively,

and r is the separation distance between groups. The new model employs the

Buckingham exponential-6 intermolecular potentiallg.
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Where & r_, and a are exponential-6 parameters. Parameter r_ is the radial dis-
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tance at which the exponential-6 potential is a minimum. The cutoff distance rmax

du(r)

is the smallest positive value for which g
r

=0 and is obtained by iterative

solution of equation (2). The reason a cutoff distance is required is that at very
short distances, the original Buckingham exponential-6 potential becomes nega-
tive. While canonical-ensemble Monte Carlo or molecular dynamics simulations

never sample the unphysical attractive region, this is not the case on trial inser-
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tions in grand canonical simulations. The radial distance for which u(r)=0, de-

noted by o, can also be computed from equation (2). Again, r is the separation
distance between groups. The same combining rules are used for both the Len-

nard-Jones and exponential-6 potentials.
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The non-bonded parameters for each model are summarized in Table 1.

For the NERD model, the bond lengths are generated according to the

stretching potential,

ustretch(r) K? (r - r ) (6)

with K, = 96 500 K/ A*and r, = 1.54 A. The bond lengths are fixed at a value of
1.54 A for the TraPPE model. The bond lengths are also fixed in the new model,
however the length of the bond depends on the groups being connected. The
CH,-CH,, CH,-CH,, and CH,-CH, bond lengths are set to 1.839 A, 1.687 A, and
1.535 A respectively. The bond bending angles for all of the models are generated

according to the bending potential®,

ubend(e) %(9 0 (7)

with Kg=62 500 K/rad’ and 6, =114°. In each case, the tosion angles are

described by the potential,



Ui (9)= Vo + 2L+ cosp)+ 2 (1~ cos 29)+ “>(1+ cos3p)  (8)

The parameters for the new model were taken from Smit et al.”, with V,=0,V, =

355.03 K, V, =-68.19 K, and V, = 791.32 K. The fourier coefficients for the TraPPE

and NERD models are twice that of the new model, V, =0, V, = 710.06 K, V, = -

136.38 K, and V, = 1582.64 K’

The development of the new model started with ethane. Ethane contains
two methyl groups and no methylene groups, thus allowing us to directly find

suitable parameters for the methyl group. Hamiltonian scaling grand canonical

Monte Carlo™® was used to find the thermodynamic behavior of an array of

diatomic exponential-6 potentials. We first tried a set of potentials with the bond
length equal to the experimental C-C distance in ethane (1.536 A). We could not
find as set that simultaneously matched the coexisting densities, vapor pressures,
and critical parameters. We relaxed this constraint and found an optimum value
for the separation between methyl groups of 1.839 A. We attribute the extra
distance to the projection of the hydrogens along the C-C axis, causing the
distance between methyl groups to be longer than the C-C bond distance. The
CH,-CH, distance for subsequent model development was set to (1.839+1.536)/2
=1.687 A.

The parameters for the methylene group were obtained from data for hex-
ane and propane. The critical properties and coexisting densities were calculated

for a given set of methylene group parameters. Hamiltonian scaling grand ca-



nonical Monte Carlo methods" were found to be useful in making a quick transi-
tion from one parameter set to the next. As an illustration of how this was im-
plemented, imagine a previously examined model (model 1) with methylene pa-
rameters ¢ and o,. Itis desired to increase the value of o while keeping the criti-
cal temperature of the model fixed at the experimental value by changing the
value of & A run would be completed, with model 1 and three trial potential
models, at the critical temperature of model 1. The three trial models would all
have a new value of the size parameter, g,, with different values for the energy

parameter, &

2a’

&

2b?

and &,. The values of the energy parameter would be selected
such that the critical temperatures of the three trial models bracketed the experi-
mental critical temperature. The appropriate value of € would then be deter-
mined from a linear interpolation of the three trial potential models. This al-
lowed us to select a new set of parameters that would reproduce the experimen-

tal critical temperature to within a few K.

Methods

Phase behavior of pure components

The phase behavior of select n-alkanes was determined using histogram
reweighting grand canonical Monte Carlo””. A series of grand canonical simu-
lations™ were completed at state points in the vicinity of the coexistence curve.

During the simulations a histogram was collected of observing the system with a



given particle number and energy. The sequence of runs started by collecting a
histogram at near critical conditions. Histogram reweighting was then used to
determine the coexisting densities and activities (¢ = exp(Bu)/q(T), where g(T) is
the partition function of the fluid at temperature T) over a limited temperature
range. To increase the temperature range over which the coexistince properties
could be calculated, second and third runs were completed at a temperature of
T=T,-AT and at activities of { =¢

+0.1, where ¢ was the activity that

coex coex

gave phase coexistence. This corresponds to a liquid and vapor region just
outside the phase envelope. The temperature increment, AT, was set to 35 K for
ethane, 40 K for propane, butane, pentane, and hexane, and 50 K for octane and

dodecane. The three histograms were combined using the techniques of

Ferrenberg and Swedsen” and again, the coexisting densities and activities were
calculated. The process was repeated for temperatures of T, —2AT, T, -3AT,
and T_ —4AT . In addition, a run was completed at the critical temperature with

an activity which produced a histogram with a maximum at one particle.

For each of the molecules studied the volume of the simulation box was
selected such that the critical density of the given n-alkane corresponded to ap-
proximately 50 particles. To ascertain the effect of system size on the critical pa-
rameters various system sizes were used to determine the critical temperature
and density for ethane and octane. For each state point five separate simulations
were run. The thermodynamic properties were calculated for each set of

simulations and the uncertanties were taken as the standard deviation of the five
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sets. The long range corrections were calculated using the method of Theodorou

and Suter”.

During the course of the simulation configurational bias techniques%'29

were used for creation and anhilation of the chains as well as for molecular re-
growths to change the internal structure of the chain. To increase the efficiency
of these moves an early rejection scheme® was implemented. When growing a
chain using configurational bias the creation of the molecule was split into N,
steps. To implement early rejection the N, steps were divided into N, steps. An
early rejection step consisted of growing a set of interaction sites using standard

configurational bias. The step was then accepted with probability,

1
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0
= ma><%,W§Ni
H

mOoOO

where W is the configurational bias rosenbluth factor, { is the activity (see
definition above), V is the volume of the simulation cell, and N is the number of
molecules in the system. The creation move was terminated when one of the
early rejection steps failed. If all the early rejection steps were sucessful, then the
move was accepted. The anhilation and regrowth steps were performed in an
analogous manner.

The degree to which the early rejection scheme increased the efficiency of
the simulation varied widely depending on the state of the fluid being simulated.
At near critical conditions the early rejection scheme increased the efficiency of

the transfer moves by about a factor of three. The relative efficiency of the
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scheme decreased with an increase in density. It was found that the scheme was
advantageous at moderate liquid densities, however at high liquid densities the
early rejection scheme was no longer beneficial. As the density of the fluid
increased the probability of a given early rejection step being accepted decreased.
Eventually the probability of accepting N, successive early rejection steps
became too low compared to the probabilty of growing the complete chain in one

step to make the scheme useful.

P-V-T properties of n-alkanes

The isothermal-isobaric ensemble™ was used to determine the densities of
chains with 11 to 78 carbon atoms. The simulations consited of translation,
rotation, volume change, configurational bias regrowth, and concerted rotation”
moves. Configuartional bias regrowths were useful for changing the
configuration toward the end of the chains, however moves that originated deep
in the interior of a long chain were rarely accepted. As a result, the concerted
rotation move was added to ensure that the internal stucture of the entire chain
was adequately sampled. The concerted rotation move displaces four of the
internal methylene groups at a time while keeping the rest of the chain in place.
The number of molecules used in each simulation depended on the length of the
chain, with the number of molecules set such that the simulation cell consisted of

approximately 2,400 interaction sites.
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Mixture calculations

33.35

The constant pressure Gibbs ensemble™ ™ was coupled with expanded en-

semble techniques36 to calculate mixture phase coexistence. The simulations con-
sisted of translation, rotation, volume change, configurational bias regrowth, and
transfer moves. A total of 300 molecules were used for the ethane-heptane, eth-
ane—decane, and ethane—eicosane systems. A total of 200 molecules were used

for the octane—dodecane mixture.

Results and Discussion

Phase behavior of pure components

The coexisting densities of select n-alkanes predicted by the new model
are compared to experimental values in Figure 1. The experimental coexisting

densities for ethane, propane, and butane were obtained from the NIST Chemis-
try WebBook”, whereas the values for pentane, hexane, and octane were taken
from the compilation of Smith and Srivastava”. The experimental critical pa-
rameters were obtained from a review compiled by Ambrose and Tsonopoulos39.
The uncertainties of the simulated points are less than the size of the symbol.
Complete data sets are available as supplementary material from the author®.

Overall agreement between the model and experimental data is quite good. The

model reproduces the experimental saturated liquid densities for ethane through
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octane to within an average error of 0.5% and the saturated vapor densities to
within 2.1%.

The vapor pressures of the new model are presented in Figure 2. Again,
the agreement between the model and experimental data is quite good, with the
model reproducing the experimental vapor pressures for ethane through octane
to within an average error of 2.2%. For the smaller molecules the change in the
vapor pressure with temperature, or the heat of vaporization, is in good agree-
ment with experiment. As the chain length increases the slope of the vapor pres-
sure curve predicted by the model becomes slightly greater than experimentally
observed. For example, the critical pressure of octane is overpredicted by 6%,
whereas the vapor pressure at the lowest temperature simulated, 360 K, is un-
derestimated by 9%. It is not clear if this is due to the united-atom representation
or to the specific parameters chosen.

The coexistence and vapor pressure curves of ethane are shown in Figure
3. The coexistence properties calculated in this study for the TraPPE and NERD

models are in very good agreement with previously reported values by Martin et

al.” and Nath et al.”. The TraPPE and new models accurately reproduce the

saturated liquid densities, however the NERD model underestimates the liquid
densities at low temperatures. The NERD model also overestimates the critical
temperature by 7 K. Both the NERD and new models correctly describe the va-
por pressure of ethane, however the TraPPE model consistently overestimates

the vapor pressure with the deviation from experiment greatest at lower tem-
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peratures, reading 65% error at 160 K. The major difference between the new
model and the TraPPE and NERD models is the separation distance between the
methyl groups. We have found that it is impossible to reproduce the coexisting
densities, vapor pressure, and critical behavior of ethane simultaneously using
the experimental C-C bond length for the separation distance between methyl
groups. If the experimental C-C bond length is used the vapor pressure has to be
sacrificed in favor of the liquid densities and critical parameters, or the critical
temperature and liquid densities at low temperatures must be forfeited in favor
of correct vapor pressures.

The coexistence and vapor pressure curves of octane are displayed in Fig-
ure 4. It is clear that all three models adequately reproduce the saturated liquid
densities and critical point. Differences between the three models are observed
in their description of the vapor pressure. Both the TraPPE and NERD models
overestimate the vapor pressures over the entire temperature range, with the
NERD model being closer to experimental values. The new model overestimates
the vapor pressure at high temperatures and underestimates at low tempera-
tures, with the new model in better overall agreement with experimental data
over the entire temperature range. Although the slope of the vapor pressure
curves, or heats of vaporization, for all three of the models are reasonable, none
of the models precisely reproduce the heat of vaporization of octane. For exam-

ple, at 450 K the values of the heat of vaporization for the NERD, TraPPE, and

15



new model are 32.5, 31.6, and 36.3 kJ/mol respectively, whereas the experimental

value is 34.4 ki/mol®.

The critical parameters of the models are presented in Table 2. The critical

41.43 .
on histo-

temperatures and densities were found from a mixed-field analysis
grams that were collected during grand canonical Monte Carlo runs at near criti-
cal conditions. The critical pressures were calculated by extrapolating the vapor

pressure curve, found using histogram reweightinglﬁ, to the critical temperature.

The volume of a simulation cell was chosen such that the critical density corre-
sponded to approximately 50 particles. The uncertainties listed for the critical
parameters are merely the statistical uncertainties obtained from a single system
size. To ascertain the effect of system size on the critical parameters various
system sizes were used to determine the critical temperature and density for eth-
ane and octane. Grand canonical runs were completed at critical conditions with
volumes of one half and twice the original volume. For ethane an additional run
was completed with a simulation cell four times the original volume. The results
are tabulated in Table 3. The effect of system size on the critical temperature is
shown in Figure 5. The infinite system size parameters were extrapolated using

finite-size scaling“‘“. We did not feel that the smallest system sizes used fell into

the scaling regime and therefore did not use these points in the infinite system
size extrapolation. For ethane the critical temperature and density at infinite
system size both differ by 1.0% from the system size used to parameterize the
model. For octane, the difference is 0.3% and 0.7% respectively. The effect of

16



system size on the simulated thermodynamic properties is most pronounced in
the near critical region. The change in the simulated thermophysical properties
away from the near critical region is within simulation uncertainties.

The critical temperature, density, and pressure as a function of chain
length are shown in Figures 6, 7, and 8 respectively. All of the models ade-
guately predict the critical temperatures over the range of chain lengths studied.
Differences between the three models are observed in the description of the criti-
cal density. For shorter chain lengths the TraPPE model tends to overestimate
the critical density, whereas the NERD model slightly underestimates the critical
density. For longer chain lengths it is difficult to make comparisons between the
models due to the increasing uncertainties of the experimental values. An exam-
ple of the uncertainty in the experimental data is shown in Figure 7 for C, and
C.. All three of the models overestimate the critical pressures, with the relative
deviation from experiment increasing with increasing chain length. For example,
the new model overpredicts the critical pressure of tetracosane by 15%. In gen-
eral, the NERD and new models tend to be slightly closer to experimental values

than the TraPPE model. Nath et al. have reported critical temperatures and den-

sities for the NERD model for chain lengths as long as C4813. It is interesting to

note that although the reported value for the critical temperature of C,, for the
NERD model and our estimate for our new model are very close, the predicted

values for C,, are significantly different. The calculated value for the new model,

939 K, is close to the value estimated from the correlation of Teja et al.”*, whereas
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the value for the NERD model, 905 K, is close to the correlation of Tsonopoulos45.
Both the NERD model and the new model predict a value for the critical density
of C, that is in better agreement with the correlation of Teja et al. than of Tsono-

poulos.

P-V-T properties of n-alkanes

Liquid densities for chain lengths as long as C,, are listed in Table 4. The
results from calculations at atmospheric pressure are displayed in Figure 9.
Agreement between experimental values” and the new model is very good for
chains as long as C,.. However, the estimates for the new model are about 1%
too low for C,, and C,,. Results were also obtained over a range of pressures at
510 K for C,,. The difference from experimental values remains at approximately
1% up to a pressure of 500 bar. The value at a pressure of 1000 bar deviates from

the experimental value by slightly more, under estimating the density by 1.5%.

Mixture calculations

The phase diagram for a mixture of ethane and heptane at 366 K is shown
in Figure 10. The values for the TraPPE and NERD model were obtained from
calculations done by Martin et al.*’ and Nath et al.” respectively. The calculations
for the TraPPE model were determined using a preliminary version of the
TraPPE force field. It is observed that the NERD model overestimates the liquid

composition over the entire pressure range. The TraPPE model and new model

18



are closer to experimental values®, with both models slightly under predicting
the liquid composition at intermediate pressures.

The phase diagram for the ethane-decane system at 411 K is displayed in
Figure 11. Again, the predictions for the NERD model® overestimate liquid
compositions throughout the entire pressure range. The new model agrees with
experimental data® to within the uncertainty of the simulation data. Figure 12
shows the results for the ethane-eicosane system at 96.526 bar. The results for the
NERD model® follow the same trend; the liguid composition is consistently
overestimated. The new model slightly underestimates the experimental liquid
compositions50 over the entire temperature range. The results for the ethane - n-
alkane systems show that the new model can be used to reliably predict the

phase coexistence of supercritical mixtures.

The boiling point diagram for the octane-dodecane system at 0.2 bar is
displayed in Figure 13. The TraPPE model"’ underestimates the liquid and vapor
compositions at all temperatures. This is a direct consequence of the inability of
the model to correctly describe the pure component vapor pressures. The new
model is in better agreement with experimental values™.

In a forthcoming publicationsz, phase diagrams are presented for mixtures
of methane and pentane, carbon dioxide with select n-alkanes, and methanol

with select n-alkanes. These calculations have been completed using histogram

reweighting techniques.
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Conclusions

A new united-atom model for the n-alkane homologous series that uses
the Buckingham exponential-6 potential to describe the non-bonded interactions
has been developed. The model was optimized to reproduce the saturated liquid
and vapor densities, vapor pressures, and critical parameters of the n-alkane se-
ries. Histogram reweighting techniques were used to calculate the phase coex-
istence properties.

Comparisons were made to the TraPPE and NERD models. It was found
that all three models reproduce adequately experimental saturated liquid densi-
ties. The three models describe experimental vapor pressures with varying de-
grees of success. The TraPPE model consistently overestimated the vapor pres-
sures, with the deviation from experiment greatest at low reduced temperatures.
The NERD model exhibited similar behavior for longer chains, with the results
being closer to experimental values than the TraPPE model. In general, the new
model was able to reproduce the vapor pressures to a higher level of accuracy.
The agreement was best for shorter chain lengths. The new model slightly over-
estimates the critical pressure and underestimates the vapor pressure at low re-
duced temperatures for longer chains. The critical parameters for the models
were found to be in good agreement with experiment. The critical temperatures
were reproduced most accurately, with all three models in good agreement with
experiment. The critical densities were overestimated by the TraPPE model and
slightly under predicted by the NERD model. The critical pressures were over
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predicted by all three of the models, with the deviation from experiment in-
creasing with chain length. The mixture behavior for four mixtures has also been
studied. The results were found to be in good agreement with experimental
data. This indicates that simulations using united-atom models fit to pure com-
ponent data can be used to determine the phase behavior of complex mixtures
with reasonable accuracy. The next logical step in the development of intermo-
lecular potential models is a model for the branched alkanes. We are currently

working on such a model.
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Tables

Table 1 Intermolecular potential parameters for the models studied.

Methyl group Methylene group
Model | Molecule | g/k, [K] | o[A] a ek, [K]| o[A] a
NERD ethane 100.6 3.825 - - - -
propane 102.6 3.857 - 45.8 3.93 -
n-alkane 104.0 3.91 - 45.8 3.93 -
TraPPE | n-alkane 98 3.75 - 46 3.95 -
New n-alkane 129.6 3.679 16 73.5 4.00 22




Table 2 Critical parameters of the models studied.

Molecule Model T, (K) p. (kg/m’) p, (bar) Z,
Ethane NERD 313.0+0.4 197610 495+04 0.290 + 0.002
TraPPE 301.4+05 208.8 +0.8 49.8+0.5 0.286 + 0.002
New 305.3+0.6 206.2+0.8 49.0+0.6 0.282 + 0.002
Exp 305.3 206.6 48.72 0.279
Propane New 368.4+0.4 218.8+0.6 42.7+0.3 0.281 + 0.002
Exp 369.8 220 425 0.277
Butane New 423.3+0.4 2275+1.0 38.2+04 0.278 = 0.003
Exp 425.1 228 38.0 0.274
Pentane Nerd 476.9+£0.8 227.4+£0.8 349+04 0.278 £ 0.003
TraPPE 464.2+0.4 2389+1.8 35.9+0.3 0.282 + 0.003
New 469.7 £ 0.4 230.7+0.8 34.8+0.3 0.279 £ 0.002
Exp 469.7 232 33.7 0.268
Hexane New 507.9 £ 0.7 2326+ 1.6 31.6+05 0.277 £ 0.004
Exp 507.6 234 30.3 0.264
Octane NERD 569.2+ 1.2 231.2+29 26.7+0.4 0.278 + 0.004
TraPPE 564.3 + 1.6 240.3+3.1 274+0.5 0.278 + 0.006
New 569.7 £ 0.8 232.3+0.8 26.5+0.3 0.276 + 0.002
Exp 568.7 232 24.9 0.259
Dodecane New 657.1+ 1.0 2252+ 1.4 19.8+0.3 0.274 +0.003
Exp 658 226 18.2 0.251
Hexadecane New 7195+1.2 217.2+1.6 15.2+0.3 0.264 + 0.004
Exp 723 219 14.0 0.241
Tetracosane New 803.5+1.2 201.8+2.0 10.3+0.3 0.259 = 0.004
Exp 800 n. a. 8.7 n. a.
Octatetra- New 939+3 170 £ 7 52+0.3 0.264 £ 0.010
contane Exp n. a. n. a. n. a. n. a.
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Table 3 Apparent critical temperature and density as a function of system size.

Molecule Vv (A® N, T, (K) p, (kg/m®)
Ethane 7 500 304+0.1 304.0£0.5 202.7+£0.5
15 000 61.9+0.2 305.3+0.6 206.1 £0.7
30 000 1243 +0.8 306.5+0.6 206.8 £ 1.3
60 000 249.6 + 1.3 307.4+£0.5 207.7+1.1

extrapolation 308.3 208.1
Octane 20 000 23.9+0.3 568.8 + 0.8 227.0+3.3
40 000 49.0+0.1 569.6 £ 0.7 232.2+0.6
60 000 98.3+0.3 570.3+ 0.7 233.0+0.8

extrapolation 5711 233.8
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Table 4 Results of NpT simulations.

Chain length | No. molecules | T (K) | P (bar) | p_ (kg/m’) | p_.. (kg/m°)
C, 200 360 1 695.0 6937
200 420 1 645.7 645+ 2
C 150 360 1 732.1 723 +4
150 420 1 689.0 686 +4
150 510 1 612.0 617+9
C.. 100 360 1 755.6 755 + 4
100 420 1 718.5 715+3
100 510 1 656.2 647 + 4
C, 68 420 1 739.9 738 % 4
68 510 1 681.9 682+ 7
C.. 55 420 1 752.7 746 £ 3
55 510 1 695.4 689+ 6
95 510 50 701.8 695+3
55 510 100 707.7 703 +4
55 510 500 744.1 736 £ 7
95 510 1000 775.1 763 +3
C, 32 420 1 765.0 760+ 4
32 510 1 712.7 706 + 3
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Figure Captions

Figure 1 Phase diagram of select n-alkanes. The curves from bottom to top are
for ethane, propane, butane, pentane, hexane, octane, and dodecane. The circles
represent calculations for the new model. Uncertainties are smaller than the size
of the symbols. A solid line is used for experimental data and an asterisk for the
experimental critical point. Please refer to the text for the source of the experi-

mental data.

Figure 2 Vapor pressure of select n-alkanes. The curves from right to left are for
ethane, propane, butane, pentane, hexane, octane, and dodecane. Symbols are

the same as in Figure 1.

Figure 3 Coexistence (a) and vapor pressure (b) curves for ethane. Squares,
diamonds, and circles and used to represent the NERD, TraPPE, and new models
respectively. Uncertainties are smaller than the size of the symbols. A solid line

is used for experimental data.

Figure 4 Coexistence (a) and vapor pressure (b) curves for octane. Symbols are

the same as in Figure 3.

Figure 5 Deviation of the apparent critical temperature from the critical tem-
perature at the system size used to parameterize the model. Open triangles and
filled circles are used for ethane and octane respectively. The scaling variables 6

and v have values of 0.54 and 0.629 respectively.
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Figure 6 Critical temperature of the n-alkanes as a function of carbon number.

Symbols are the same as in Figure 3.

Figure 7 Critical density of the n-alkanes as a function of carbon number. Sym-
bols are the same as in Figure 3. The error bars at C, and C_, represent the un-

certainty in the experimental data.

Figure 8 Critical pressure of the n-alkanes as a function of carbon number. Sym-

bols are the same as in Figure 3. The error bars at C,, C,,, and C,, represent the

137

uncertainty in the experimental data.

Figure 9 Liquids densities at atmospheric pressure. Circles represent the new

model. Solid lines are used for experimental data.

Figure 10 Phase diagram for a mixture of ethane and heptane at 366 K. Squares,
diamonds, and circles and used to represent the NERD, TraPPE, and new models

respectively. A dashed line is used for experimental data.

Figure 11 Phase diagram for a mixture of ethane and decane at 411 K. Symbols

are the same as in Figure 10.

Figure 12 Phase diagram for a mixture of ethane and eicosane at 96.526 bar.

Symbols are the same as in Figure 10.

Figure 13 Phase diagram for a mixture of octane and dodecane at 0.2 bar. Sym-

bols are the same as in Figure 10.
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