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In this work we show how different use of thermostating devices and modeling of walls influence
the mechanical and dynamical properties of confined nanofluids. We consider a two dimensional
fluid undergoing Couette flow using nonequilibrium molecular dynamics simulations. Because the
system is highly inhomogeneous, the density shows strong fluctuations across the channel. We
compare the dynamics produced by applying a thermostating device directly to the fluid with that
obtained when the wall is thermostated, considering also the effects of using rigid walls. This
comparison involves an analysis of the chaoticity of the fluid and evaluation of mechanical
properties across the channel. We look at two thermostating devices with either rigid or vibrating
atomic walls and compare them with a system only thermostated by conduction through vibrating
atomic walls. Sensitive changes are observed in the xy component of the pressure tensor, streaming
velocity, and density across the pore and the Lyapunov localization of the fluid. We also find that the
fluid slip can be significantly reduced by rigid walls. Our results suggest caution in interpreting the
results of systems in which fluid atoms are thermostated and/or wall atoms are constrained to be
rigid, such as, for example, water inside carbon nanotubes. © 2010 American Institute of Physics.

[doi:10.1063/1.3450302]

I. INTRODUCTION

Nonequilibrium molecular dynamics (NEMD) has seen a
significant growth in recent years because of the possibility
of studying transport coefficients and rheological properties
of fluids out of -equilibrium, thus mimicking real
experiments.1 Two classes of algorithms can be distin-
guished, homogeneous2 and inhomogeneous.3 The former
class makes use of appropriate periodic boundary conditions
(PBCs) in all directions to simulate a bulk region of fluid,
avoiding problematic surface effects close to the boundaries.
The external forces are implemented directly into the equa-
tions of motion to generate the flux of interest and the cor-
responding transport coefficients can be directly determined.”
In inhomogeneous methods, wall boundaries constrain the
fluid in a defined geometry and the system is driven away
from equilibrium by the movement of the walls themselves,
as in the case of Couette flow, or by the use of an external
force field, a pressure gradient or a gravitylike force, as in
the case of Poiseuille flow. In both methods, however, work
is performed on the fluid, and viscous heating has to be ex-
tracted in order to reach a steady state. In homogeneous
methods a thermostat is applied directly to the fluid particles,
while in inhomogeneous methods the thermostat is usually
applied either on the wall particles exclusively or fluid and
wall particles together or only fluid particles, depending on
how the wall is implemented in the simulations.

The use of homogeneous algorithms has been rapidly
increasing, particularly for molecular fluids such as poly-
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mers, where the systems’ dimension is critical, and due to the
possibility of reproducing complex types of flow (e.g., elon-
gation) indeﬁnitely.2 Also if the underlying equations of mo-
tion are SLLOD, a link with nonlinear response theory is
possible.4 However, due to an increasing interest in nanocon-
fined systems, more effort has been invested in modeling
systems with walls.

In intensive computations carried out in nanopores, as in
the case of flows of water in carbon nanotubes or molecules
in porous media, where the channel diameter can be of the
order of a few nanometers, uniform thermostats are often
applied to the fluid. The walls can either be modeled by
“frozen” particles, fixed in their equilibrium positions,s’6 or
by vibrating particles.7’8 In nanopores the fluctuations in den-
sity become important, making the use of simple uniform
thermostats inappropriate. Depending on the purpose of the
simulation, this may not be a primary concern, and the influ-
ence on the results negligible. However, in other situations in
which precise measurements are being attempted, the results
could be significantly affected by inappropriate thermostat-
ing.

The definition of temperature for nonequilibrium sys-
tems is still an open problem.9 The thermodynamic expres-
sion for the temperature is in fact linked to the definition of
the entropy, which, for nonequilibrium steady states, is still
under debate.'™"" However, it is commonly accepted that the
majority of the systems under study satisfy the local thermo-
dynamic equilibrium postulate.12 This is true if the inhomo-
geneities both in space and time are small enough to be ig-
nored on a microscopic scale. The kinetic temperature, a
common choice in NEMD, is defined as
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where N is the number of particles, d the Cartesian dimen-
sion, kp the Boltzmann constant, m; the mass per particle, r;
and v; are the position and laboratory velocity, respectively,
of particle i, and u(r;, ) the instantaneous streaming velocity.
This is assumed to be the same as the entropic temperature
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This is in general not true, but the kinetic temperature is a
good operational choice. The determination of the streaming
velocity is, however, a delicate point because its incorrect
evaluation could cause a thermostat, which makes use of this
definition, to induce an unphysical behavior on the particles.
An example is the production of a string phase for homoge-
neous Couette flow."® For inhomogeneous systems, because
of the strong density fluctuations in space, the local thermo-
dynamic equilibrium postulate is valid only if considering
slices of the simulation cell in which the variation in density
is negligible (however, for very high external fields this as-
sumption is no longer true). Thus, a proper thermostat that is
applied to the fluid will have to account for this inhomoge-
neity. The most common are the Gaussian isokinetic' and
Nosé-Hoover'* thermostats. Both have the characteristic of
being deterministic and time reversible, both facilitating
analysis by dynamical systems theory. We will use the Nosé—
Hoover thermostat because it is also able to reproduce the
canonical distribution function at equilibrium.14

Our analysis will extend to mechanical and dynamical
properties for a fluid undergoing planar Couette flow (PCF).
Although we restrict our research to this flow geometry, our
conclusions can be extended to other flows, such as Poi-
seuille flow, where a confinement is also present. We will
consider pressure, temperature, and density profiles across
the channel, speed and velocity distributions, and the
Lyapunov spectra and Lyapunov localization of the fluid to
analyze the chaotic properties. The Lyapunov spectra, which
are the ordered collection of Lyapunov exponents, describe
what happens to the trajectories in the phase space, giving
knowledge of the particle dynamics and their chaotic behav-
ior. The Lyapunov exponents describe the mean exponential
rate of growth or convergence of neighboring trajectories in
phase space.15 The Lyapunov exponents have been computed
extensively for bulk systems subjected to different types of
flow,'®?? and in a previous paper we showed the spectra of
the whole phase space for an inhomogeneous fluid.” In this
work we are however interested only in the fluid phase
space. To better compare the dynamics in the phase space we
also show the Lyapunov spectra for a homogeneous fluid
evolving according to the SLLOD equations of motion at the
same state point as that of the inhomogeneous fluid. A recent
discussion regarding the differences in stresses between the
homogeneous SLLOD shear algorithm and the boundary
driven case can be found in Refs. 24 and 25. We will not
discuss the details concerning the method employed to com-
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FIG. 1. Schematic representation of the simulation box.

pute the Lyapunov exponents, the algorithm of Benettin
et al.”**" but refer readers to these original papers or our
previous paper.23

Il. METHODOLOGY

In this work we have used a two dimensional atomic
fluid flowing in a channel of a few atomic diameters o. The
channel is periodic in the x direction and the walls are com-
posed of particles (Fig. 1). The particles (both fluid and
walls) interact with each other by a smooth repulsive poten-
tial, the Weeks—Chandler—Anderson (WCA) potential,28
which neglects the attractive component of the interatomic
force

o \2 [ o\6 e
del| —| -\ —] |+€ q;=2"0
Dyea= qij qij (3)

0, qi > 28,

where ¢;;=|q,—q;| with g; being the laboratory particle posi-
tion, o and € are the interaction range and the energy param-
eters, respectively. All the physical units are expressed in
reduced units where the unit of mass is the particle mass m,
the energy unit is the parameter €, and the length unit is o
Furthermore, we define m=o0=€e=kz=1.

For the wall, two cases are presented: the first in which a
harmonic potential tethers each particle to a virtual lattice
site leaving it free to vibrate around its equilibrium position;
and the second in which the particles are frozen. Frozen wall
particles have no peculiar momentum. The harmonic poten-
tial is

(g - q4) = 3k,/qa" - q*

where the superscripts W and L indicate the wall particle and
its lattice site, respectively, and the spring constant k,, has
been set to 150, a common value in the literature (e.g., see
Ref. 30). Couette flow is induced by shifting the position of
the wall particles or their virtual lattice sites at each time step
along the x direction such that

% (4)

Agl= = YL/, (5)

where qi is the x coordinate of the lattice site, L,+ 0 is the
distance between the two walls, as defined in Fig. 1, and At
is the time step.

The system is composed of 45 fluid particles and 40 wall
particles, 20 for each wall organized in two layers of ten
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atoms each. The wall particle density has been set to p,,
=0.8 and the fluid at p;=0.6. The channel is L,=6.82 wide
and L,=11.18 in length. The number of particles is small
because the computation of the Lyapunov spectra is compu-
tationally intensive. However, we stress that the purpose of
the present paper is not to provide meaningful rheological
results to compare with real experiments, but rather to show
the effects related to the use of different thermostating de-
vices. The mechanical properties in the case of the wall-only
thermostated (WT) system have been computed for a system
with 250 fluid particles and no significant changes in the
off-diagonal pressure, density, temperature, and streaming
velocity profiles have been detected (see also, for example,
Ref. 30).

lll. THERMOSTATING DEVICES AND EQUATIONS OF
MOTION

The thermostating devices presented here are the profile
biased thermostat (PBT) and profile unbiased thermostat
(PUT).4 A PBT is a thermostat that makes assumptions on
the streaming velocity of particles. The problem regarding its
use was first explored by Evans and Morriss' to explain the
formation of the so-called string phase for homogeneous
shear systems observed by Erpenbeck3] in 1984. It is particu-
larly common in modeling PCF to assume that the streaming
velocity profile is linear. This is, however, not always the
case, especially for high strain rates and high Reynolds num-
bers or for very highly confined fluids. If the streaming ve-
locity differs from the expected values the thermostat will
interpret this difference as if the system were heating up,
suppressing the formation of secondary flows. For boundary
driven Couette flow the streaming velocity at the boundary
will not be linear and therefore a PUT should always be the
preferred choice. For the PBT we consider the case in which
the fluid is treated as homogeneous. The PUT does not need
this distinction, in fact the variation in density is automati-
cally accounted for during the instantaneous evaluation of
the streaming velocity. For both PBT and PUT with a vibrat-
ing wall, the Nosé—Hoover thermostat has been applied also
to the wall to avoid the fluid acting as a thermal reservoir for
the wall particles.

The equations of motion for the wall particles connected
to the virtual lattice by a Hookean potential are

q; =p;im, (6)
p; =F; - &'p;, (7
W 1P

&= §|:E W - gNWkBT:| , (8)

where g represents the Cartesian degrees of freedom (2 in
this case), and the superscript w identifies wall particles. F}’
includes the term due to the spring potential.

When the wall atoms are frozen there are no equations of
motion and their position changes according to Eq. (5),
where this time qi has to be substituted with the real particle
coordinates. The fluid particles for the wall thermostated sys-
tem move according to Newton’s equations of motion,
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i =pl/m, )

p/=F, (10)
while if the fluid is thermostated,

q/ =pl/m], (11)

p/=F/-&p/, (12)

where the friction coefficient & and the term p/ take different
forms depending on the thermostat device type (PUT, PBT).
The differences depend on the definition of the streaming
velocity in the x direction to obtain the peculiar velocity. For
the PBT thermostat the velocity gradient is assumed to vary
linearly across the channel,

v.(y) =7y, (13)

where 7 is the shear strain rate. This assumption is good for
low shear rate and homogeneous fluids (as in the SLLOD
algorithm); however, for highly confined systems it is not
valid anymore, at least in the region close to the wall.

We now introduce the microscopic density and the mo-
mentum density used for computation of the streaming ve-
locity and the temperature at a chosen position in the system.
The mass density in the position r and time ¢ is defined as

plr.1) = 2 m;d(r = x(1)), (14)

and the momentum density as

J(r’t) = p(rJ)u(rat) = 2 mivi(t) 5(1' - ri(t))’ (15)

where u(r,?) is the streaming velocity and &(r) is the Dirac
delta function. In a simulation, the channel is divided into
slabs (or bins) of finite size, A=0.05, aligned with the wall
direction and the averages for every slab are computed for
the quantities of interest: defining B(yy;,) as the value of the
phase variable B in a bin centered at yy;, we have B(y,,?)
=[dx[ ingﬁgdyB(r,t)/A. This method is very easy to imple-
ment but the slab width has to be chosen carefully. If too
wide, the resolution will be poor, while if too small, the
statistics will be poor. We compute the streaming velocity in
each bin as a running average during the simulation. This
definition gives good results, as can be seen for the system in
Fig. 2.
Following the kinetic definition of temperature>

Mo mfvi(1) — u(y, ) 1v(1) - u(y,1)]
2Nyin(1)

T(ybin’t) = , (16)

the PUT has been devised such that each slab is associated
with a friction coefficient, which accounts for density fluc-
tuations across the channel.

The last system we consider is a homogeneous fluid
evolving according to the SLLOD equations of motion to
compare its Lyapunov spectra,
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FIG. 2. WT system for Couette flow with applied shear rate y=1.0. (a)
Cross section profile of density; (b) xy component of the pressure tensor P,,
(the blue circles indicate the pressure values at the wall), the plot inserted on
the top right corner is a zoom of the pressure. The system consisted of 45
fluid particles at a density p;=0.6 in a channel of width L,=6.82 and 40 wall
particles at a density p,,=0.8. Walls thermostated at 7=1.0.

4, =p/m; +ivyy;, (17)

pi=F:—jyp.i— &pi- (18)

Because the system is homogeneous, appropriate PBCs are
required (the well known Lees—Edwards™ PBCs), and the
thermostat employed assumes a linear velocity profile, given
that the relatively low strain rate employed is a reasonable
choice.

For the computation of the pressure tensor we employ
the method of planes technique.34 Instead of dividing the
channel into slabs, it is divided into planes equally spaced,
and the velocity of the particles crossing the planes and the
force between the particles on opposite sides of the planes
are coupled to generate the potential and kinetic components
of the pressure tensor, respectively,

1
PL(y) = 5,2]- FoilO(y;=y)0(y-y))

-0(y;-»)0(y-y)], (19)
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Pm<y)—hmA— 2 2 paltinsenlpy(t)] (20)

T—=% TO<t””<T i

where i and j are the particle indices, a=x or y, O is the
Heaviside step function, and m indexes the times at which
the particle crosses the plane. This method allows a high
resolution, because unlike the bin method the separation of
planes does not influence the statistical precision of the pres-
sure tensor. The method of planes has been used exclusively
for the computation of the pressure tensor as we do not need
that level of precision for the determination of the other
quantities we consider.

As a further check we computed the velocity and speed
distribution to see if they followed the Maxwell-Boltzmann
statistics. We considered only the x component (direction of
the flow) for the velocity distribution. The two distribution
functions are computed for each slab across the channel,

_ M (Ypin)
f(vx’ ybin) - ZWkBT(ybin) exp|:_

m(ybin)v)zc(ybin) } @)

2kpT (Ybin)
_ M) [_ m(ybin)vz(ybin)]
flo- o) = <kBT(Ybin) 0 (Yoim)exp 2kpT(Yin)
(22)

We do not show the plots, however, because the results are in
good agreement for all systems.

IV. LOCALIZATION OF LYAPUNOV EXPONENTS
ACROSS THE CHANNEL

To understand if and how the dynamics is altered by the
use of the thermostat, we compute the spectra of subsystem
Lyapunov exponents (see Ref. 23) of the fluid and which part
of the channel contributes the most to a particular exponent.
It is important to underline that the spectra considered here
do not involve all the degrees of freedom of the system
(fluid, walls, and thermostat degrees of freedom). Following
the same technique used in Ref. 23, we consider only the
dynamics of the fluid phase space. In order to do this, we
define displacement vectors oI, = [oT, Fl] where
oT"=[5q!, op'] gives the components of the Ith dlsplacement
vector associated with the ith particle, and the displacement
vectors associated with all other particles are set to zero.
Therefore, we define the subsystem Lyapunov exponents as

, ( lors. 0] )
o1 (0] )7
where the particle indices i- - -j are for the fluid particles. Our
technique differs from a previously attempted way to achieve
such splitting which involved projecting the whole phase
space onto the low dimensional Hamiltonian phase space.35
We note that the fluid subsystem Lyapunov exponents ap-
proach the true Lyapunov exponents in the limit of zero cou-
pling with the walls.

To compute the spectral density of the subsystem
Lyapunov exponents inside the channel we use the Lyapunov
vectors oI associated with the exponents. These vectors in-
dicate the direction in which expansion/compression in phase

AL=lim lim

(23)
1% T 0
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FIG. 3. WT system for Couette flow with applied shear rate y=1.0 as with
Fig. 2. (a) Streaming velocity; (b) temperature (circle represents data points
while the dashed line is a quadratic fit to the data).

space occurs for each Lyapunov exponent at an instant in
time. If the vectors are orthonormalized we can introduce a

squared norm>°
7= (5q)” + (op))°, (24)
such that

05%51 and E)/l:l. (25)

This quantity tells us how, for each exponent /, the contribu-
tions are distributed among the particles. After computing )/l
every selected number of time steps, we localize the particle
i in the real space across the channel and, at this position,
sum the contributions for each exponent. On average this
will give us the exponent localization. We consider the local-
ization only for the y direction using the same resolution of
0.05 as for the mechanical properties.

V. RESULTS

The results are organized such that for every thermostat-
ing device, the plots relative to the profiles (for density, tem-
perature, streaming velocity, and xy component of the pres-
sure tensor across the channel) for vibrating and frozen walls
are superimposed.

We start by examining the properties of the WT systems
that, mimicking real experiments, will be our reference sys-
tem (Figs. 2 and 3). The applied shear rate is set at the wall

J. Chem. Phys. 132, 244706 (2010)

to y=1.0. For a sliding boundary (SB) Couette flow this is a
high value;™*’ however, to make possible a comparison be-
tween the Lyapunov spectra for the SB systems and the ho-
mogeneous system (SLLOD), a high value of shear rate is
necessary. We can observe that the mechanical properties
show sensible profiles: the streaming velocity is linear in a
region of 30 in the middle of the channel with an effective
strain rate of y,4=0.55, the density shows packing close to
the walls but the oscillations decrease rapidly away from the
boundaries. The shear stress is constant inside the channel,
with a value of P,,=0.59, and the temperature shows a qua-
dratic profile, as predicted by the hydrodynamic equations,

du, aP,,
P =PFe= (26)
pF,=0, (27)

and because at steady state du,/dr=0,

JdP,,
=0= P,,=const. (28)
dy ;

For the temperature we have

d’T d 2
A5 =- (M) , (29)
dy dy
from which we obtain
nw=—%§ﬁ+0w0, (30)

with C and D being constants of integration, and \ is the
thermal conductivity of the fluid. The average temperature of
the fluid is 7=2.5.

The speed and velocity distributions are in good agree-
ment with the theoretical curves relative to the temperature
inside each bin [i.e., Egs. (21) and (22)]. In all the systems in
which the thermostat is directly applied to the fluid, the tem-
perature, for both wall and fluid, has been set by taking the
average value of the temperature across the channel for the
wall thermostated system. This is to ensure that when a com-
parison between the systems is attempted they are at an
equivalent state point and to avoid temperature gradients at
the wall-fluid interface. However, this is not a common prac-
tice. In fact, exactly what is the right average temperature of
a fluid is something that cannot be known in advance from
the knowledge of the boundary conditions. A trial simulation
would be required, undoing the advantage of a simulation
performed by thermostating the fluid. A set of simulations
with wall and fluid temperature kept at 7=1.0 has also been
performed. The results show a higher disagreement even
with respect to the system with the temperature set at 7
=2.5. Such disagreement can be summarized by a more ac-
centuated packing close to the walls and layering across the
channel, a quantitative difference in shear stress due to the
lower kinetic component of the pressure tensor, and slightly
shifted values of speed distributions toward smaller velocity
values.

We now look at the PUT system (Figs. 4 and 5). The
density for the vibrating wall system shows typical fluctua-
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FIG. 4. PUT system for Couette flow with applied shear rate y=1.0. (a)
Cross section profile of density; (b) xy component of the pressure tensor P,,.
The system consisted of 45 fluid particles at a density p;=0.6 in a channel of
width L,=6.82 and 40 wall particles at a density p,,=0.8. Blue (dashed line
and diamond symbols): fluid thermostated at 7=2.5 and wall at T=1.0. Red
(solid line and triangle symbols): fluid thermostated at 7=2.5 and frozen
walls.

tions; however, for the frozen wall system the peaks at the
boundaries and in the middle of the pore are higher than for
the vibrating wall system, indicating a more pronounced lay-
ering. This situation is also present in the PBT systems that
are discussed later in this section. In the frozen wall system
the channel is slightly narrower than for vibrating wall sys-
tems because the fluid pushes the vibrating wall particles
away. In fact, apart from the harmonic potential, no other
constraints have been used to keep the wall layers in place to
avoid the introduction of spurious dynamics. The shear stress
for the vibrating wall system is roughly correct in value but
shows a slightly parabolic profile. This means that a pressure
gradient is present across the fluid even if the system has
reached a steady state. This is in contrast with the hydrody-
namic predictions and means that the fluid shows unphysical
properties. For rigid walls the parabolic profile is more
strongly emphasized and furthermore the value shows a net
increase, which is significantly different to that for the vibrat-
ing wall.

The streaming velocities are, for both vibrating and fro-
zen walls, comparable with the wall thermostated system.
However, the induced strain rate for frozen walls is slightly
higher, y=0.62, while for vibrating walls it is y=0.51. This
means that the slip for rigid walls is lower than for vibrating

J. Chem. Phys. 132, 244706 (2010)
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FIG. 5. PUT system for Couette flow with applied shear rate y=1.0 as with
Fig. 4. (a) Streaming velocity; (b) temperature.

walls. This has been verified by performing a set of simula-
tions in which only one wall was allowed to shear, keeping
the opposite one stationary. The stationary wall was in turn
allowed to vibrate or kept frozen. The slip, defined as the
value of the linear interpolation of the streaming velocity at
the intersection with the steady wall, has been computed for
different values of wall density and strain rate (the strain
rates were of the order of 1072 to avoid temperature gradients
across the channel and keep the velocity profile roughly lin-
ear even close to the wall). What we observed was a slip for
the vibrating wall systems (slip=0.06), double the value for
the rigid wall (slip=0.03). However, if the wall density ex-
ceeded a value of p,=1.2 (in two dimensions this implies a
quasismooth surface) the trend was reversed. This can be
explained by considering the geometry of the wall (Fig. 6).
Let us consider for simplicity a hard sphere potential and a
fluid particle coming toward the wall at a 45° angle with
respect to the normal to the wall surface. When the wall is

Rigid Wall

Vibrating Wall

FIG. 6. Schematic representation of the effect that a frozen wall has on the
slip with respect to a vibrating wall.

Downloaded 23 Jun 2011 to 136.186.7.66. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



244706-7 Confined fluids

0.8

0.6

0.4

0.2

o
|

AL
|
-

[

TR B

4 3 2 1 0 1 2 3 4
(a) y(o)
0.7 [T T T T T T T T T T T
] a s, PBT
- AAA -
o Sadgw il
] TR ittt A
ATA
065 ‘ .
. ]
o 4
0.6 |
1 . SIS v 0 o
: o‘aﬁ%ﬂ"&.‘ ¢ CoC
LA “.0 *
0.55 T T
-4 -3 -2 -1 0 1 2 3 4
(b) y(0)

FIG. 7. PBT system (the thermostat does not account for density fluctua-
tions) for Couette flow with applied shear rate y=1.0. (a) Cross section
profile of density; (b) xy component of the pressure tensor P,,. The system
composition is the same as for Figs. 4 and 5. Blue (dashed line and diamond
symbols): fluid thermostated at 7=2.5 and wall at T=1.0. Red (solid line
and triangle symbols): fluid thermostated at 7=2.5 and frozen walls.

frozen it behaves like an array of hard scatterers and the
chances for the fluid particle to be reflected back are high
(this decreases the slip), while when the wall is able to vi-
brate, the wall particle will partly absorb the fluid momenta
and, shifting backward, allows the fluid particle to keep mov-
ing toward the same direction thus increasing the slip. The
temperature profile in the PUT system is constant across the
channel as imposed by the thermostat.

For the PBT (Figs. 7 and 8), we impose a linear profile
with a strain rate obtained by interpolation from the PUT
instead of the WT system. This is to avoid imposing a profile
that would be unnatural for a thermostated fluid. The density
and streaming velocity profiles for either the vibrating or
frozen walls are qualitatively and quantitatively the same as
for the PUT. The shear stress, however, shows two opposite
profiles, a concave parabolic profile for the vibrating wall
system, while convex for the rigid wall system, and a signifi-
cant difference between the two of =0.1. The temperature
for the vibrating wall system is roughly constant in the center
of the channel but increases at the wall interface where there
is a steep density increase and the velocity gradient differs
from the assumed value. When the walls are frozen we ob-
serve an accentuated parabolic profile, higher temperature
close to the walls and lower in the center of the channel.
Such erratic and unphysical profiles can lead to wrong con-
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FIG. 8. PBT system (the thermostat does not account for density fluctua-
tions) for Couette flow with applied shear rate y=1.0 as with Fig. 7. (a)
Streaming velocity; (b) temperature.

clusions in studies where thermal properties are involved.
Also evident are kinks in the temperature due to the steep
density gradients that the homogeneous thermostat is not
able to account for. For the PBT system with frozen walls we
also checked if an independent control of the temperature in
the x and y directions would improve the mechanical re-
sponse due to the temperature anisotropy present in a
strongly driven fluid. However, the mechanical properties did
not show any significant difference.

The last system simulated was a PUT (Fig. 9) in which
the temperature imposed across the channel was parabolic
and obtained by quadratic interpolation from the wall ther-
mostated system, i.e., the temperature in each bin is thermo-
stated to the equivalent temperature in each corresponding
bin in the WT system. As one would expect for the system
with vibrating walls, the profiles are the same as for the WT
system; however, for rigid walls the streaming velocity
shows a higher velocity gradient and the pressure again dis-
plays the irregular and slightly parabolic profile.

We now analyze the effect of the thermostats on the
subsystem Lyapunov spectra of the confined system and the
Lyapunov spectrum of the homogeneous system. All the
spectra plotted refer to the exponents for the phase space
generated by the fluid particles only. We show four spectra,
one for the WT system and one for a SLLOD system, at the
same average state point as the WT (together in Fig. 10), and
two for the PUT system in Fig. 11 (either vibrating or frozen
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FIG. 9. Parabolic temperature profile thermostated system (the thermostat
accounts for density fluctuations) for Couette flow with applied shear rate
¥=1.0. (a) Cross section profile of streaming velocity; (b) xy component of
the pressure tensor P,,. The system composition and state point are the same
as for Figs. 4 and 5.

wall). The SLLOD spectrum has six characteristic exponents
that we omit from Fig. 10 because they are related to con-
servation properties that do not exist for the confined fluid.
Four exponents are related to the momentum and center of
mass conservation in the x and y directions for the SLLOD
algorithm, one exponent is related to kinetic energy conser-
vation and has a value of zero, and the last one to the non-
autonomous character of the dynamics.20 The first five expo-
nents are identically zero. In Fig. 10 we can see that, because
the chaoticity of the fluid is determined mainly by the actual
velocity gradient inside the fluid and its density and tempera-
ture, the spectra of the two systems look basically the same
with comparable maximum Lyapunov exponents. The con-
finement does not seem to affect the spectra’s shape (the
meaning of which has not been completely understood
yet38), which is influenced for the most part by the overall
fluid density that determines the collision rate. The only ap-
preciable difference is in the sum of the exponents, which is
0 for the fluid subsystem exponents in the confined system
and =-0.2 for the homogeneous system. This is not surpris-
ing and is a natural consequence of the dissipative character
of the SLLOD equations of motion'®*****" [Eqs. (17) and
(18)]. The phase space contraction for Egs. (17) and (18) is
strictly connected with the entropy production and heat dis-
sipation by the relation
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FIG. 10. (a) Fluid subsystem Lyapunov spectra for WT system, 45 fluid
particles at a density p;=0.6,40 wall particles at a density p,,=0.8, channel
width y=6.82, Couette flow with effective velocity gradient y=0.55, walls
thermostated at 7=1.0 (reduced units). (b) Lyapunov spectra for a SLLOD
system, 50 fluid particles at a density p;=0.6, velocity gradient y=0.55,
temperature 7=2.5.

Stky=(A) == 2 N;=~g(§) >0, (31)

where g is the number of degrees of freedom thermostated,
A=(3/dT)-T is the so-called phase-space compressibility
factor, and (&) is the averaged value over time of the ther-
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FIG. 11. Fluid subsystem Lyapunov spectrum for Couette flow with a PUT
and vibrating walls. This spectrum is, within limits of error, indistinguish-
able for both PBT and PUT systems either with vibrating walls or frozen
walls. The system composition and state point are the same as for Figs. 4
and 5.
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mostat friction coefficient. The equations of motion of the
fluid for the confined system, Egs. (9) and (10), however, do
not show explicitly the thermostat’s friction coefficient,
which is included only in the wall equations of motion. Note
that if the Lyapunov spectrum of the confined system was
calculated (i.e., the full spectrum which includes both the
walls and fluid) rather than the fluid subsystem exponents,
the sum of the exponents would also be expected to be nega-
tive (see Ref. 23). This is why the negative pair sum appears
only in the Lyapunov spectra for the SLLOD system.

In Fig. 11, we display the fluid subsystem Lyapunov
spectra for a PUT system with vibrating walls. Because the
thermostat acts independently in every bin the number of
friction coefficients is equal to the number of bins, so the
above relation, Eq. (31), should account for a sum over the
bins Z'l?i"g,». The PUT in Fig. 11, however, shows a higher
dissipation than the equivalent SLLOD system. This could
be due to the fact that to obtain the same velocity gradient,
the walls have to perform more work on the fluid particles
and thus even the heat absorbed by the thermostat is higher.
This, according to Eq. (31), would result in a more negative
pair sum. This spectrum is indistinguishable from the spec-
trum computed for a PUT system with frozen walls and the
PBT system with either vibrating or frozen walls. The spe-
cific implementation of the wall does not seem to affect the
exponents. Their value reflects the mixing of the fluid par-
ticles in the coordinate and velocity spaces. The mixing is
determined mainly by temperature, number density, and ve-
locity gradient; therefore, these quantities being equal, the
spectra will look the same. Several wall implementations
have been tested, including a repulsive potential wall, and
the spectra did not show any appreciable difference.

The last results presented in Fig. 12 refer to the
Lyapunov localization. The Lyapunov spectra characterize
the system as a whole. However, because the system is in-
homogeneous we want to examine where, inside the channel,
the chaotic nature of the fluid receives its largest contribu-
tions. Using Eq. (25) we quantify these contributions, and we
do this for the whole Lyapunov spectrum.

The largest Lyapunov exponents quantify the fastest dy-
namical events happening in the system (i.e., particle colli-
sions). For large systems with conserved quantities (e.g., en-
ergy) and spatial symmetries (PBCs), the smallest Lyapunov
exponents represent the particles’ collective behaviors that
manifest themselves with periodic structures present in the
perturbations associated with the smallest exponents called
Lyapunov modes.*™ However, because our system is
small, confined and thermostated, the small exponents do not
organize themselves into modes, even if they can still be
regarded as characterizing the system’s global properties.
Our interest is in the Lyapunov localization inside the chan-
nel and therefore we only consider the phase space generated
by the fluid. This allows also to compare the Lyapunov lo-
calization for exponents characterized by the same dimen-
sionality. Figure 12(a) shows the localization for the fluid
subsystem exponents in the WT system, while Fig. 12(b)
shows the localization for the PBT system with frozen walls.
In Fig. 12(a) we purposely choose to exclude the phase space
generated by the wall, while in Fig. 12(b) the wall particles,
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FIG. 12. (a) Fluid subsystem Lyapunov exponent localization for a Couette
flow fluid thermostated through conduction to the walls. 40 fluid particles at
a density p;=0.6, strain rate ¥=0.55, wall thermostated at 7=1.0 (reduced
units). (b) Fluid subsystem Lyapunov exponent localization for a profile
biased thermostated fluid (PBT) with frozen walls (from which comes no
contribution).

not having any degrees of freedom, do not add dimensional-
ity to the phase space. The localization exponents have been
normalized with respect to the largest (of both systems, WT
and PBT) exponent contribution. In this way, a quantitative
comparison between the two systems is also possible. For
both the WT and PBT systems the fluctuations across the
channel show a strong correlation with the density; in fact,
the more a particular area of the channel is populated, the
more it is likely to contribute to chaos. This effect is simply
due to the presence of more particles there. Consideration of
the deviations of the localization from the density profile
indicates that the maximal exponents have a reduced contri-
bution in the region near the walls, and the contribution is
fairly uniform elsewhere. Conversely, when considering the
smallest exponents, the particles near the wall have a consid-
erably enhanced contribution. In fact, as we approach the
smallest exponents, the more the localization is enhanced
near the walls. Comparing the WT and PBT systems shows
both a quantitative and qualitative change: for the WT sys-
tem the change in the contribution as we go from the maxi-
mum to the minimum exponent assumes the shape of
“braces,” while for the PBT system a bell shape is observed
with a significantly high contribution from the minimum ex-
ponents. This result shows that the presence of a thermostat
in the fluid coupled with a rigid wall distorts the dynamics,
especially near the walls.
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VI. CONCLUSIONS

In this work we have shown results concerning the use
of thermostating devices for a highly confined fluid. The pur-
pose is to cast light on the effects that a thermostat mecha-
nism can have when used directly on fluid particles instead
of applying it on the channel’s walls, as in mimicking real
experiments, to allow the heat produced in the fluid by the
external force field to dissipate through them. We have
looked how a number of properties change, either from a
mechanical point of view, showing what happens to the shear
stress, streaming velocity, density and temperature across the
channel, and from a dynamical point of view by comparing
the Lyapunov spectra for the fluid phase space.

From the analysis of these systems we conclude that,
independent of the type of thermostat device used, the me-
chanical properties show significant variations, and all to-
gether they are never comparable to the WT system, in which
case the profiles show good agreement with hydrodynamic
predictions. The values of shear stress and shear rate are
significantly different, the density shows stronger fluctua-
tions, and the velocity distribution functions are not always
in agreement with the theoretical curve (if the temperature is
not chosen carefully). Thermostating the fluid improperly
also gives rise to a different dynamics as can be seen from
the analysis of the Lyapunov localization, the greatest differ-
ence being for the smallest Lyapunov exponents and close to
the walls. The main conclusion to be drawn from this study
is that thermostating a confined fluid can lead to significant
unpredictable and unphysical material properties and under-
lying dynamics. Thermostating a strongly driven confined
fluid should always be done by the action of the walls, mim-
icking nature as close as possible. Furthermore, freezing the
walls (hence, by necessity requiring one to thermostat the
fluid) should also be avoided to remove such artificial mate-
rial and dynamical properties. Our results therefore suggest
caution in interpreting the results of recent NEMD studies on
confined systems, such as flows inside carbon nanotubes, in
which the carbon nanotube atoms are frozen and the fluid
molecules are thermostated.
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