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The rheological, thermodynamic, and structural behavior of linear and branched alkanes in simple
shear is investigated using nonequilibrium molecular-dynamics simulation of united atom model
fluids. Our results for the zero-shear viscosity of pure linear alkanes as well as mixtures of alkanes
are in reasonable agreement with experiment. Simulation results for intermediate molecular weight
linear alkanes indicate that the simple models employed here are capable of describing the pressure
and temperature dependence of the viscosity. More importantly, our calculations indicate that
addition of short, flexible branches to alkanes leads to a viscosity enhancement of a factor of 2 or
more, thereby offering interesting possibilities for formulation of lubricants with specific properties.
© 1997 American Institute of Physics. [S0021-9606(97)50740-9]

I. INTRODUCTION

Nonequilibrium molecular dynamics (NEMD) simula-
tions provide a useful tool for investigating the rheological
behavior of fluids under shear and over the past decade, have
been applied to study increasingly complex fluids, including
polymers."* Such simulations have played, and continue to
play, a key role in understanding the relationship between
microscopic interactions and macroscopic transport coeffi-
cients.

In light of their ubiquity in industrial applications, there
has been considerable interest in predicting the rheological
properties of alkanes under shear. Edberg et al.® performed
NEMD simulations of liquid n-butane and n-decane using
the model of Ryckaert and Bellemans (RB).* These authors
found that both alkanes can exhibit a rich nonlinear rheologi-
cal behavior: shear thinning at relatively small shear rates,
normal stresses, and dilatancy. They also studied molecular
conformations under shear and found that while shear does
not appreciably alter torsional angles in the chain interior,
the effect can be significant near the chain ends. This phe-
nomenon was also observed by Brown and Clarke in simu-
lations of liquid n-hexane.” Edberg er al. found that the
NEMD shear viscosity of liquid n-butane at 292 K and 99
bar was higher than the experimental value by 25%, while
the simulated viscosity of liquid n-decane at 481 K and es-
sentially O bar was within 6% of the experimental result.
Marechal et al.® obtained results of comparable accuracy for
n-butane using equilibrium molecular dynamics and a
Green—Kubo formalism with a slightly different force field.
Chynoweth et al.” performed NEMD simulations on the
same model of n-butane as Edberg er al. but with 486 mol-
ecules, rather than the 64 molecules used by Edberg et al.
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They obtained a much better resolution of the shear viscosity
and found that extrapolations to zero shear gave a Newtonian
viscosity in better agreement with experiment.

More recently, the work of Edberg et al. has been revis-
ited by Morriss et al.® These authors conducted simulations
of liquid decane under shear using a larger system and ex-
tended their calculations to n-eicosane. They observed that
both decane and n-eicosane exhibit a pronounced shear-
thickening behavior at high shear rates (reduced shear rates
>1.0). Their study also showed that the radius of gyration
decreases substantially when the reduced shear rate is greater
than 1.0. Unfortunately Morriss et al. used a force field in
which nonbonded interactions were purely repulsive, thus
clouding the conclusions.

Berker er al.’ modified the Ryckaert and Bellemans
model by including bond-stretching and angle-bending po-
tentials. They investigated the rheological properties of lig-
uid n-hexadecane and were able to observe the first Newton-
ian regime for the viscosity. However, the Newtonian
viscosity predicted by their potential model was a third of the
corresponding experimental value. The shear thickening be-
havior which had previously been observed for liquid
n-decane and n-eicosane by Morriss ef al.® was not observed
by these authors, even at reduced shear rates as high as 6.0.
They also compared the strain rate at which NEMD pre-
dicted the onset of shear thinning for n-hexadecane and
found it to be in agreement with predictions of the Rouse
model.'” They demonstrated that the molecules were clearly
deformed as the shear rate increased and postulated that such
deformations are responsible for shear thinning.

Although linear alkanes have been the subject of consid-
erable interest, few studies have addressed the effects of mo-
lecular architecture, including branching, on their rheological
behavior. We believe that research aimed at understanding
the effects of molecular geometry on rheological properties
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TABLE I. Alkane models.
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Physical aspect Potential function Parameters
Nonbonded oy 12 oy 6 ocn,=3.93 A €cy,=114.0K
interaction u(r;)=4€; (r_,, - (r_”) ocn,= 393 A eCH2=47.O K
ocy=3.875A ecy=31.839 K
Bond-bending Upending( 0,) = %k o(0;— 0eq)2 k =62 500 K/rad?
0=114°
linear branch
Angle torsion Uorsion( D)) =V Vo=0K Vo=1357.0K
+1/2V(1+cos ¢,) V,=355.03K V,=381.73K
+1/2V,(1 —cos 2¢;) V,=—-68.19 K V,=13333K
+1/2V;3(1+cos 3¢;) V3=701.32K V3;=—-863.8K
Bond stretching HQ? H=96 500 K/A? Qo=1.572A
u(rij): T
ro—r.\2 ree=1.54 A
i)’
Qo

at a molecular level can have important applications in lubri-
cation technology. The ongoing development of metallocene
catalysts has facilitated significantly the industrial synthesis
of polyolefins of controlled architecture and molecular
weight; research of this nature is therefore particularly
timely.

Experimental data of Diller and Van Pollen'! show that
the viscosity of isobutane is much higher than that of
n-butane over a wide range of density. Rowley and Ely'?
examined these differences using the RB model and ob-
served the reverse effect, i.e., a higher viscosity for n-butane
than for isobutane at the same temperature and density.
When they increased the size of the methylene groups of
isobutane (i.e., o in the Lennard-Jones potential of Table I)
by 2.5%, it became possible to obtain quantitative viscosity-
density relations over a wide range of densities. In addition,
Ely and Rowley also suggested that, for n-butane, molecular
alignment is responsible for shear thinning at low shear rates.
In contrast to their findings for butane, they'? found that the
origin of the difference in viscosity between liquid n-hexane
and cyclohexane is primarily due to geometric differences in
the molecules.

Daivis et al.'* recently studied the rheology of a three-
armed ‘‘star’” alkane (5-butyl nonane), as well as its linear
isomer, tridecane. Using a force field in which nonbonded
interactions were purely repulsive, they found that branched
alkanes exhibit a higher viscosity, weaker shear thinning,
and weaker first normal stress differences in the nonlinear
region than their linear chain counterparts. At constant vol-
ume, the pressure of the branched alkane increased more
rapidly with increasing strain rate than that of the linear al-
kane. These authors suggested that, under shear, the linear
molecule elongates and becomes a prolate ellipsoid, while
the branched molecule flattens and becomes an oblate ellip-
soid. They also observed that the degree of alignment in-
creases less dramatically for the branched molecule than it
does for the linear molecule. Overall, Daivis et al. concluded
that the flexibility of the molecules is responsible for such

differences. We believe, however, that the branched alkane
model employed in that work is not entirely satisfactory be-
cause apparently the same torsional potential was used for
the backbone and for the branches. For torsions around the
CH-CH, bond at the branching point, however, a different
torsional potential that favors gauche conformations, as op-
posed to trans conformations, is more appropriate.

It is important to point out that viscosity is generally
measured with at least one free liquid surface in mechanical
equilibrium with the atmosphere, i.e., at constant pressure or
at constant normal load, thus allowing the liquid to expand at
high shear rates. Recently, Daivis and Evans'® have per-
formed isobaric nonequilibrium molecular simulations of
decane under shear. They found that the shear-thickening
phenomena reported by Edberg ef al. in their constant vol-
ume simulations disappears.’ Other properties, however,
such as the shear-induced rotation and the behavior of radius
of gyration, are not affected by the change from constant
volume to constant pressure. In a similar study, Mundy
et al.'® used a different force field and reached conclusions
analogous to those of Daivis and Evans.

In general, the agreement between simulated and experi-
mental viscosities reported for previous simulations of al-
kanes has not been entirely satisfactory. Furthermore, de-
pending on the force field employed, different research
groups have sometimes arrived at conflicting qualitative
trends. Over the past few years better alkane force fields
have been reported. Recent results for a limited number of
fluids (n-decane) suggest that such force fields are capable of
reproducing experimental viscosities over a relatively wide
range of pressures.'®"'” One of the objectives of this work is
to investigate whether these force fields can lead to viscosi-
ties in good agreement with experiment for a wider range of
alkanes over a wider range of temperatures and pressures.
Another goal of this work is to investigate the accuracy of
such force fields for mixtures of alkanes. To this end, we
have measured the viscosity of an alkane mixture and com-
pared it to simulation. More importantly, our work is also
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aimed at increasing our understanding of the relation be-
tween branching and rheology for chemically detailed alkane
models. Except for the few, noteworthy studies mentioned
above,'>!* the effects of branching on the rheology of chemi-
cally detailed long alkane models have not been examined in
detail before. In the present work, results are presented for
the rheological properties of branched alkanes under shear
and are compared to those of their linear counterparts.

The organization of the paper is as follows. In Sec. II we
describe the alkane models and simulation methods em-
ployed in this work. In Sec. III we present and discuss our
simulation results, and in Sec. IV we present some conclu-
sions.

Il. ALKANE MODELS AND SIMULATION METHOD

In the united-atom representation of alkanes adopted in
this work, every methylene or methyl group of a molecule is
modeled as a single interaction site. The models employed in
this work are based on original work of Jorgensen et al.”°
Simple modifications of such potentials have been shown by
de Pablo eral' to provide a reasonable description of
vapor—liquid equilibria (VLE) for polyatomic fluids. More
recently, in what appear to be the first simulations of phase
equilibria for long alkanes (e.g., hexadecane), Laso et al.?
showed that it is possible to obtain reasonable agreement
with experimental VLE data using a simple alkane model
analogous to that of Jorgensen. Siepmann er al.®® subse-
quently modified that model further by fitting orthobaric den-
sities over a wider range of temperatures and chain lengths.
That newly reparametrized model provides a good descrip-
tion of saturated densities for linear alkanes, but the corre-
sponding second virial coefficients are in disagreement with
experiment.24 (Note, however, that more recent calculations
suggest that simulated second virial coefficients are in better
agreement with experiment than previously reported.?)

The details of the model used in this work are given in
Table 1. All Lennard-Jones interactions are truncated at r,
=2.50; the potential energy was shifted at the cutoff. Cross
interaction parameters are estimated from the usual Berthelot
mixing rules, i.e.,

;= e, (1)

0'1+0'j
O.ij: ) 5

2

with the exception of the Lennard-Jones parameters for the
CH group of the branched alkane, the linear chain parameters
employed in this work are the same as those proposed by
Siepmann ez al.® The Lennard-Jones parameters for the CH
group employed here are inferred from the values reported
by Jorgensen e al.?® by requiring that the ratios of o and e
(from Jorgensen to this work) be the same for CH, and CH
groups. Note that we have not attempted to optimize the
Lennard-Jones parameters for CH groups; this could be done
by fitting them to experimental data, but such calculations

are beyond the scope of the present study.

In contrast to Jorgensen et al. we employ flexible bonds
and flexible bond angles. We have examined the extension of
the bonds under shear and we find that the bond length is
always within 0.1% of the desired value of 1.54 A. For bond
stretching, Mundy et al.* have employed a harmonic bond
potential whose use is questionable for simulations under
shear (in the Langevin approximation for dilute, bead-spring
chains, it is well known that harmonic springs will stretch
indefinitely under the influence of a shear or elongational
flow field). In this study, we use a FENE (finitely extendable
nonlinear elastic) spring to model bonds between interaction
sites. For dilute polymer solutions, FENE springs have been
shown to be capable of capturing many experimentally ob-
served rheological phenomena.”’ Following Chynoweth
et al.” bending and torsional forces are determined by reduc-
ing such multibody interactions to pseudo-pairwise force
terms obeying Newton’s third law, i.e., F;;=—F;, where
F';; is the force on atom i due to atom j. ThlS approach was
used by Chynoweth et al.” to develop a parallel algorithm to
simulate organic liquids and by Berker et al.’ to investigate
the rheological behavior of n-hexadecane.

The simulations are conducted using SLLOD
dynamics.”® A velocity Verlet algorithm is used to integrate
the equations of motion. Temperature is controlled by means
of a Nosé—Hoover thermostat. It is important to bear in mind
that isothermal NEMD calculations at extreme shear rates
constitute a purely computational strategy for generating re-
sults that can subsequently be extrapolated to zero shear.”’

The flow field imposed on the system corresponds to a
planar Couette flow in the x direction with shear along the y
axis. For planar Couette flow, the viscometric functions of
interest are the apparent shear viscosity 7(y), and the first
and second normal stress coefficients, W (y) and ¥,(y),
respectively. These can be expressed in terms of the compo-
nents of the pressure tensor as follows:

n=—Pylv, 3)
= _(Pxx_Pyy)/j/Z’ (4)
=—(P,,—P_ )" (5

The atomic pressure tensor P g is evaluated using

z mvav£+2 2 rl‘jFﬁ , (6)

aﬂ V

where m;, v;, r;;, and F;; denote the mass of the ith par-
ticle, its so-called peculiar velocity with respect to the flow,
the distance between particles i and j, and the force exerted
on particle i by particle j, respectively. Superscripts & and 8
denote x, y, and z components in the Cartesian coordinate
system.

In this work, we investigate the behavior under simple
shear of the following alkanes: Linear C;4, C,,, Cyg, and a
branched alkane, namely 5,12-dipropylhexadecane (DPHD).
The branches of DPHD are chosen long enough to incorpo-
rate the effects of the torsional motion of the side group and
are symmetrically positioned along the backbone.
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TABLE II. State points of our NEMD simulations of linear C,g, C,,, and
C,g3, and 5,12-dipropyl-hexadecane (DPHD).

n-Cig DPHD n-Cy, n-Cyg
Temperature (°C) 100 100 100 100
Density (g/cm®) 0.725 0.76 0.755 0.77
Equil. pressure (atm) 4632 62+35 78+44 54+32
No. of molecules 100 75 75 80

The state points of our simulations are summarized in
Table II for long chain alkanes. The state points are chosen
such that at equilibrium (no shear), the pressures of all these
fluids are of the order of 50 atm (all of the pressures reported
throughout this paper include cutoff corrections). To com-
pare the results of our simulations to literature values, we
conducted a few exploratory simulations for linear decane.
Our results are identical to those reported by Cui et al.'’

A cubic simulation box was used in all the calculations.
Simulations were carried out over a wide range of shear
rates: 2X 10°<y<2x10'2 s~!. The time step used to inte-
grate the equations of motion was in general set at (2.35 fs),
for which consistent results could be obtained. The duration
of the simulations ranged from 2 ns for low shear rates to
565 ps for very high shear rates (y=10'2 s71).

lll. RESULTS AND DISCUSSION
A. Rheological behavior of alkanes

Figure 1 shows the viscosity 7(y) of the linear alkanes
Ci6, Coy, and Cyg, and the branched alkane DPHD as a func-
tion of shear rate. For clarity, error bars are shown only for
the DPHD results. Since experimental data measured at ex-
actly the same conditions of temperature and pressure em-
ployed in this work are not available, a number of additional
simulations were also conducted at conditions for which re-
liable experimental data are available. On the one hand, for
hexadecane our model alkane at a temperature of 25 °C and

ﬂi @
b
10 & + F
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FIG. 1. Shear viscosity (cP) vs shear rate (X 10'° s™!) for linear C,q (dia-
monds), C,, (crosses), Cyg (circles), and a branched alkane DPHD (squares).
The symbols on the axis show the zero-shear viscosity of linear C;¢ calcu-
lated using the Assael equation (filled square) and the Lucas equation (filled
diamond).

density of 0.769 g/cc has a pressure of — 13(£28) atm and a
viscosity of 1.57(*0.33) cP. This number for viscosity is
consistent with that reported by Cui et al.®® who obtained a
value of 1.63(£0.28) cP for hexadecane at 27 °C and a den-
sity of 0.770 g/cc. Cui et al. did not compare their results for
hexadecane with experiment; this estimate, however, is be-
low the experimental value of 3.09 cP at 25 °C at ambient
pressure.’! For C,g, our model alkane at a density of 0.765
g/cc and a temperature of 100 °C has a pressure of 0.4
(*=30) atm and a viscosity of 1.62(*+0.27) cP, in contrast to
the experimental value of 2.88 cP at 99 °C, 1 atm, and a
density of 0.7565 g/cc.*? On the other hand, as stated earlier,
our results for viscosity of decane (at 207 °C and a density of
0.6136 g/cc) are in quantitative agreement with experiments
and with the calculations of others.'” These results suggest
that the alkane model used in this work is capable of repro-
ducing experimental viscosities of low molecular weight al-
kanes, but the viscosity values obtained for longer alkanes
are below the corresponding experimental data. These dis-
crepancies between simulations and experiment could be due
to a molecular weight effect or could be due to a density
effect. Nevertheless, considering that the alkane parameters
employed here were determined from vapor-liquid equilib-
rium data, this agreement between theory and experiment is
somewhat encouraging.

In this study, to ensure that our simulated systems are
well in the one phase region, we have chosen to work at
slightly elevated pressures which are of the order of 50 atm.
There is a lack of experimental data measured at exactly the
same conditions of elevated pressure and temperature em-
ployed in this work; our simulation results are compared
with the values obtained using correlations for viscosity that
are commonly used in practice. This comparison is instruc-
tive in that we hope that simulations will eventually be used
in lieu of correlations when experimental data are not avail-
able. The equation developed by Assael e al.*® (henceforth
referred to as the Assael correlation in this paper) is one such
widely used correlation. It is derived from fits to extensive
sets of experimental data for alkanes over wide ranges of
pressure and temperature. Up to relatively high pressures, the
viscosity predictions of the Assael equation for linear al-
kanes are reported to be highly reliable and should therefore
be regarded as reasonable measures of true, experimentally
determined viscosities. In addition to the Assael equation, we
also employ a correlation by Lucas®! also based on experi-
mental data. The accuracy of the Lucas equation is also re-
ported to be better than a few percent. The solid symbols in
Fig. 1 show estimates of the zero shear-rate viscosity of lin-
ear C,¢ obtained from both Assael and Lucas correlations. As
seen from the figure, on the one hand, the plateau value of
viscosity for linear C,¢ is approximately twice the value pre-
dicted by the Lucas (:orrelation,34 while on the other, it is in
very good agreement with that estimated from the Assael
correlation. The agreement is particularly encouraging, con-
sidering that no attempt was made in this work to adjust the
parameters required in the alkane models.

At the lower shear rates investigated here (y<<1
X109 s71), the viscosities of linear alkanes C;q and C,,
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appear to have reached constant values. On the other hand, at
higher shear rates, all the alkanes simulated in this work
exhibit shear thinning. At any given shear rate, the simulated
viscosity of C,, is consistently bracketed by that of C,4 and
Cos. Similar trends are observed for all other rheological
properties investigated in this study, and for clarity, in the
remainder of this paper we present results for linear C;¢4 and
Cyg chains only. The slopes of the linear sections of the
graphs are in the range —0.37 to —0.43 for the three linear
alkanes. These values of the slopes are slightly below the
range of values generally reported for polymeric liquids
(—0.4to —0.9).%

The branched alkane DPHD also exhibits shear thinning
with an exponent of —0.45 and appears to have reached a
plateau value of viscosity at the lower shear rates investi-
gated. The viscosity of DPHD is higher than that of linear
C,¢ (whose backbone chain length is the same as that of
DPHD) and C,, (which has the same molecular weight as
DPHD) at all shear rates investigated. The results show that
branching leads to a viscosity enhancement by approxi-
mately a factor of 2. As mentioned earlier, no attempts were
made to optimize the CH Lennard-Jones parameters em-
ployed in this work. To determine the sensitivity of our re-
sults to such parameters, we performed two tests for DPHD
at a shear rate of y=8.5X10 s™!. In one case, the ecy
parameter was increased by 20%, and in the other, the oy
parameter was increased by 1% over the value reported in
Table I. The resulting viscosity values were essentially iden-
tical (within statistical uncertainty) to those obtained with the
parameters reported in Table I. These findings suggest that
the observed viscosity enhancement for DPHD is not a result
of our particular choice of parameters but is actually a con-
sequence of chain topology. These results for viscosity en-
hancement due to short chain branching are consistent with
experimental data for medium molecular weight alkanes. Al-
though we could not locate viscosity data for DPHD,
experimentally’ it is observed that viscosity of 5,14-di-
n-butyloctadecane is approximately twice that of
n-octadecane at a temperature of 100 °C. The viscosity en-
hancement observed due to short chain branching in ‘‘real-
istic’” chain models used in this work is also consistent with
the simulations on fully flexible chain models®® where it was
observed that zero shear viscosity increased by a factor of 2
when small branches were added to the chain backbone.

At higher shear rates (7>10'% s™!), the viscosities of all
alkanes show a tendency to level off, suggesting the onset of
the second Newtonian region. These results, however, should
be interpreted with caution because this phenomenon could
be entirely due to the thermostat introduced to remove the
heat generated by shearing the liquids. As mentioned earlier,
recent studies for fully flexible bead-spring chains have
shown that, for reduced shear rates higher than about 0.1
(7>4.25%10' s71), it is physically impossible to dissipate
the viscous heat generated by shearing the fluid fast enough
to maintain a constant temperature in the system.”

In addition to pure alkanes, we also investigate the rheo-
logical behavior of an alkane mixture consisting of 20%
(weight) of normal C, and 80% (weight) of normal C,4. The

1000.0
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FIG. 2. First normal stress coefficient ¥ (X 10" Pas?) vs shear rate
(X10" s71 for the branched alkane DPHD (squares), and the linear al-
kanes C,4 (diamonds) and Cyg (circles).

density of the mixture was selected to be 0.745 g/cm® in our
NEMD simulations (for which the system’s pressure is equal
to the atmospheric pressure, within statistical uncertainty) at
a temperature of 80 °C. The simulated zero-shear-rate vis-
cosity of the mixture was found to be 1.05*=0.14 cP. Since
experimental data for this particular mixture are not available
in the literature, we conducted our own measurements of
viscosity using a capillary viscometer. The experimental
value of viscosity at a temperature of 80 °C is 1.85 cP. Con-
sistent with our results for pure long alkanes, the NEMD
estimate is somewhat lower than the experimental value.

In addition to shear thinning, another important charac-
teristic feature of non-Newtonian behavior is the occurrence
of normal stresses. Figure 2 shows the variation of the first
normal stress difference coefficient W with shear rate for
linear Cy4, Cyg, and the branched alkane DPHD. For clarity,
error bars are only shown for DPHD values. We find that ¥,
is consistently positive and exhibits a power-law region, as
observed in polymeric fluids.””* As expected, the rate of
decline of W, with 7 is greater than that of #; the calculated
slopes being in the range —1.30 to —1.45 for the linear
alkanes. The branched alkane DPHD also exhibits a behavior
very similar to that of linear alkanes for the decrease of V',
with vy with a slope of about —1.41.

For polymeric fluids, the second normal stress difference
coefficient ¥, is negative and its value is much smaller than
that of ¥; the ratio —W,/W¥, is approximately constant
with a value of around 2/7. Figure 3 shows such a ratio for
our simulated linear and branched alkanes. Again, error bars
are only shown for DPHD. It is observed that for all the
alkanes, this ratio is approximately constant in the range 0.4
to 0.5, with a weak tendency to increase at the higher shear
rates. This observed value of the ratio is somewhat higher
than that encountered in polymeric liquids, but is consistent
with that previously reported in the literature for alkane
simulations.’

B. Effects of temperature and density on viscosity

Figure 4 shows the variation of viscosity of
n-hexadecane with reduced temperature 7', defined as 7/7T,
(where T, is the experimental critical temperature). The den-
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FIG. 3. Ratio of normal stress coefficients: —W, /¥, vs shear rate
(X 10 571 for the branched alkane DPHD (squares), and the linear al-
kanes C,4 (diamonds) and C,g (circles).

sity of hexadecane at all temperatures was held constant at
p=0.725 g/cm’. The results indicate that for the conditions
investigated in this work, the viscosity of linear Cq de-
creases with rising temperature. The values estimated from
the Lucas equation®!' and from the Assael equation® are also
shown in the figure. It is seen that the simulated values are in
excellent agreement with the Assael estimates, while the Lu-
cas estimates are about half of the simulated values.

Figure 5 depicts the dependence of the viscosity of
n-hexadecane on reduced pressure p, at 100 °C. For the
range of conditions investigated here, the viscosity of hexa-
decane increases with pressure (density). Once again the
simulation results are in excellent agreement with the Assael
correlation, while the values predicted by the Lucas correla-
tion are consistently lower than the simulated values. At the
high pressures (densities) investigated in this work, the As-
sael equation is expected to be more accurate (because high
pressure data were used to formulate it) and we therefore
view our results as satisfactory.

1.0 | N
[
n * * .
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FIG. 4. Viscosity (cP) of liquid n-hexadecane as a function of reciprocal
reduced temperature 7', '=T,/T. Empty diamonds show NEMD simulation
results for viscosity. Estimates obtained using the Assael correlation
(squares) and the Lucas correlation (filled diamonds) are also shown.
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FIG. 5. Viscosity (cP) of liquid n-hexadecane as a function of reduced
pressure p,=p/p.. The figure shows viscosity values obtained using
NEMD simulation (empty diamonds), Assael correlation (squares) and the
Lucas correlation (filled diamonds).

C. Thermodynamic properties

Figure 6 shows the deviation of the system pressure
from its value at equilibrium for the linear alkanes C;4 and
C,5 and the branched alkane DPHD. At the lower end of the
shear rates investigated here (y<<5X10'" s71), we find that
the hydrostatic pressure of linear alkanes decreases when
they are sheared; the magnitude of such a decrease can be of
as much as several tens of atmospheres below the equilib-
rium value. On the other hand, the branched alkane DPHD
does not show such a tendency for pressure decrease at lower
values of shear rates. At higher values of shear rate, the
pressure of both linear and branched alkanes rises rapidly
and exhibits a power-law type behavior (as reported previ-
ously by Berker et al.’ for n-hexadecane). A nonmonotonic
behavior of pressure as a function of shear rate had been
observed earlier in fully flexible bead-spring chains of inter-
mediate length.? Our results for long linear alkanes are con-
sistent with those observations and are discussed further in
the context of conformational changes in the following sec-
tion.
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FIG. 6. Hydrostatic pressure change AP=P(y)—P(0) (atm) vs shear rate
(X 10 571y for the branched alkane DPHD (squares), and the linear al-
kanes C,4 (diamonds) and Cyg (circles).
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FIG. 7. Change in intermolecular energy AE;, ;= Einer(¥) = Einer(0) (kcal/
mol) vs shear rate (X 10'" s™!) for the branched alkane DPHD (squares),
and the linear alkanes C,¢ (diamonds) and C,g (circles).

The shear rate dependence of intermolecular part of the
energy is similar to that of pressure: It is lower than the
equilibrium value at lower shear rates for linear alkanes,
while the branched alkane DPHD does not show such a be-
havior. Figure 7 shows that for shear rates y<<5x10'0 s7!,
the intermolecular energy of linear C;4 and C,g systems is
lower than the equilibrium value by about 5-20 kcal/mol.
Similar to AP, AE;,., shows a rapid rise at high values of
shear rates for both linear and branched alkanes and also
exhibits a ‘‘power-law’’ behavior in agreement with litera-
ture results.’

D. Configurational analysis

In addition to the rheological and thermodynamic prop-
erties, we also investigate the configurational properties of
long alkanes under shear. In particular, we monitor the shear
rate dependence of the chain internal coordinates: bond
lengths, bond angles, conformations of the torsional angles,
and mean-square radius of gyration (R;), which provides a
measure of chain size. As expected, the average values of
C-C bond length and C—C-C bending angle hardly change
with shear rate, except at extremely high shear rates. A com-
parison of the fraction of backbone torsional angles in the
trans state as a function of shear rate shows that shear flow
has a relatively small effect on chain conformation.

Two common parameters used to monitor chain size are
the mean square end-to-end distance (R?), and the radius of
gyration (R;). Since (R?*) is not well defined for the
branched alkane, we only show the variation of (R;) with
shear rate. Figure 8 compares the mean-square radius of gy-
ration of linear Ci5, Cy, Cog, and the branched alkane
DPHD as a function of shear rate. The length of the back-
bone for DPHD is the same as that of linear C,¢, but it also
has two symmetrically placed branches such that the total
number of beads in DPHD is the same as in linear C,,. We
observe that at the lower values of shear rate, the radii of
gyration of n-hexadecane and DPHD are almost identical
and are significantly lower than that of linear C,,. This ob-
servation clearly indicates that the branched alkane DPHD,
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FIG. 8. Average mean-square radius of gyration (Rg) (nm?) vs shear rate
(X 10 571y for the branched alkane DPHD (squares), and the linear al-
kanes C,4 (diamonds), C,, (crosses), and C,g (circles).

which has branches of realistic flexibility, has a more com-
pact conformation than a linear alkane of comparable mo-
lecular weight. Linear alkanes and branched alkanes also ex-
hibit a different dependence of chain size with shear rate:
The radius of gyration of long linear alkanes (C,, and Cyg)
exhibits a pronounced maximum at intermediate values of
shear rates. On the other hand, for the branched alkane, the
(R§> value does not change (within statistical uncertainties)
in the range of shear rates investigated. For linear alkanes,
the observed maximum in <R§> with shear rate is consistent
with the minimum in pressure and intermolecular energy. At
intermediate shear rates molecules are stretched and tend to
line up with the flow. At very high shear rates they tumble
more frequently and tend to be coiled up. This phenomenon
has been reported before for Brownian chains in an aniso-
tropic, hydrodynamic continuum,”’ for fully flexible chains
in a melt,? and for rigid chains in a hydrodynamic continuum
in the vicinity of a wall.?®

IV. CONCLUSIONS

A united atom model was used to investigate several
rheological and thermodynamic properties of linear and
branched alkanes under shear. Although results of simula-
tions for the shear viscosity of decane are in good agreement
with experiment, the viscosity results for longer alkanes are
somewhat below the corresponding experimental values.
This behavior suggests that the force field employed in this
work is not entirely satisfactory for reproducing the experi-
mental viscosities of longer, liquid alkanes. It is important to
note that, at the same temperature and pressure, the density
of alkanes increases with chain length. The observed discrep-
ancies could therefore be attributed to chain length effects or
density effects. Additional simulations and experimental data
are required to determine the origin and exact magnitude of
such discrepancies. Nevertheless, considering that the force
field employed here was obtained from vapor—liquid equilib-
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rium data, we consider the agreement with experiment to be
encouraging. Also note that all experimental trends are re-
produced by the simulations.

The effects of temperature and pressure also appear to be
described reasonably well by simulations. On the one hand,
simulation results are consistent with the predictions of an
engineering correlation developed from analysis of high-
pressure viscosity data for alkanes. On the other hand, our
simulated viscosities are consistently higher than those pre-
dicted by a different, widely used correlation. These results
suggest that, when experimental data are not available, mo-
lecular simulations could be used in lieu of correlations. Fur-
thermore, simulations could be used to assess the accuracy of
available engineering correlations. Simulations have the im-
portant advantage over correlations or group contribution
methods of being able to incorporate a detailed account of
molecular structure, including branching, and composition.
Although our NEMD simulation results for viscosity of an
alkane mixture are also in reasonable agreement with experi-
mental data, more calculations for different compositions
and more experimental data are clearly needed. Our study
should just be viewed as a first step in that direction.

Our results for the hydrostatic pressure of long linear
alkanes exhibit a nonmonotonic behavior with shear rate. In
the intermediate range of the shear rates studied in this work,
the pressure of the systems is well below that observed at
equilibrium. At higher shear rates, however, the pressure
eventually rises and follows a power-law dependence on
shear rate. Long linear alkanes therefore exhibit shear com-
pression at intermediate shear rates and shear dilatancy at
extremely high shear rates. These findings are explained
mechanistically by discussing the conformational changes
undergone by chain molecules in simple shear; similar ob-
servations were reported earlier for fully flexible bead-spring
chains.? For linear alkanes, the intermolecular energy of the
system follows similar trends as the pressure. In contrast, for
the branched alkane pressure and intermolecular energy fol-
low monotonic trends with shear rate.

An important finding from our simulations has been that
addition of small, flexible branches to linear chains leads to
viscosity enhancement by a factor of ~2. These results are
consistent with both experimental data®> and our recent
simulation results for fully flexible bead-spring chains’®
where addition of small branches to bead-spring model
chains had a similar effect on viscosity. Consistent with ear-
lier findings for star molecules,14 we also observe that the
conformational behavior of a branched alkane under shear is
very different from that of a linear alkane of the same mo-
lecular weight.

Although the results of simulations presented in this
work are encouraging, particularly in view of their agree-
ment with experiment, significant limitations still exist in the
size and timescales that can be investigated by nonequilib-
rium molecular dynamics simulations. Faster machines and
better algorithms will hopefully alleviate some of these prob-
lems (e.g., low signal-to-noise ratio at small shear rates) in
the coming years.
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