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We use the nonlocal linear hydrodynamic constitutive model, proposed by Evans and Morriss
[Statistical Mechanics of Nonequilibrium Liquidé\cademic, London, 1990, for computing an
effective spatially dependent shear viscosity of inhomogeneous nonequilibrium fluids. The model is
applied to a simple atomic fluid undergoing planar Poiseuille flow in a confined channel of several
atomic diameters width. We compare the spatially dependent viscosity with a local generalization of
Newton’s law of viscosity and the Navier—Stokes viscosity, both of which are known to suffer
extreme inaccuracies for highly inhomogeneous systems. The nonlocal constitutive model calculates
effective position dependent viscosities that are free from the notorious singularities experienced by
applying the commonly used local constitutive model. It is simple, general, and has widespread
applicability in nanofluidics where experimental measurement of position dependent transport
coefficients is currently inaccessible. In principle the method can be used to predict approximate
flow profiles of any arbitrary inhomogeneous system. We demonstrate this by predicting the flow
profile for a simple fluid undergoing planar Couette flow in a confined channel of several atomic
diameters width. ©2004 American Institute of Physic§DOI: 10.1063/1.1809582

I. INTRODUCTION pendent transport coefficients. Computer simulations of
simple fluids undergoing planar Poiseuille flow have demon-
The properties of confined fluids can differ markedly strated the validity of the local generalization of Navier—
from those of the corresponding bulk fluid. These differencesstokes hydrodynamics. However, very careful simulations
arise from the competition between the interatomic forcesat quite high confinement of the order of 5 atomic diameters
operating between fluid atoms, and the interatomic forcesr less, have shown that even the local generalization be-
acting between fluid atoms and the atoms constituting theomes invalid at this length scal&®A local shear viscosity
confining material. This competition can lead to the forma-for instance, relates the local strain rate at a point in the fluid
tion of a nonuniform fluid density profile, a shift in the ther- to the local stress at theame point. In the simulations
modynamic equilibrium properties and a modification of the(which used nonequilibrium molecular dynamics, NEMD
transport properties. In particular, a nonuniform density prowas possible to obtain both stress and strain rate profiles with
file results in spatial inhomogeneities in all transporthigh spatial resolution without any assumptions being made
properties:™® When the fluid is driven away from thermody- regarding the transport coefficients. The ratio of these two
namic equilibrium, either by some external for¢aich as quantities was then used tmlculate a shear viscosity. At
gravity or a pressure hepdr by boundary conditionée.g.,  very high degrees of confinement, the strain rate profile con-
Couette flow, the transport properties become functions oftained zeros resulting from stationary points in the fluid ve-
the local thermodynamic state variables as well as explicitocity profile. The stress profile, on the other hand, contained
functions of the thermodynamic driving field. Couplings may only one zero, located at the midpoint of the channel.
occur between thermodynamic forces sharing the same teitlearly, a viscosity obtained from the ratio of these quantities
sorial character adding further to the complexfty.? will involve singularities. This unsatisfactory result suggests
A central problem in the study of confined fluids is the further generalization of Navier—Stokes hydrodynamics is
computation of meaningful transport coefficients. For con-necessary. The need for an improved hydrodynamic theory is
fined fluids undergoing flow at low Reynolds number, clas-paramount given the increasing drive towards nanoscale
sical Navier—Stokes hydrodynamic theory adequately detechnologies and applications such as nanofluidics, and the
scribes the rheological properties of the fluid, provided theneed for a unified theory of liquids, able to describe phenom-
length scale of the confinement is much greater than the diena occurring at all length and time scales. Experimental
mension of the fluid molecules. However, once the confineresults involving surface force appardﬁjmdicate that very
ment approaches molecular dimensions, Navier—Stokegin fluid films exhibit unusually high viscosities under con-
theory must be generalized to allow for local, position de-finement. An explanation for this phenomenon remains elu-

sive.
dAuthor to whom correspondence should be addressed; Electronic mail: Equiliprium and nonequilibrium m0|eC_U|ar simu_lationg
btodd@swin.edu.au of nanofluids have continued to escalate since the pioneering
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work done in the 1980s. However in most of these simuladistribution across the fluid. What this means in practical

tions the viscosity was only treated heuristically, often com-terms is that all liquids have a memory effect and therefore

puting effective viscosities based on local measures rathdsehave viscoelastically.

than a genuine nonlocal viscosit§. At first sight, Eq.(1) appears somewhat unhelpful. How-
The first statistical mechanics theory that rigorously at-ever, in ko space, the double convolution becomes

tempted to solve this problem for nonequilibrium fluids wasalgebraic??

the Enskog-type theory of Davig While successful, it was B _

limited to the case of unidirectional inhomogeneity and sev- P, (k,0)= -k, 0)y(k, o), 2

eral other approximations, such as the substitution of the pair

correlation function for the inhomogeneous fluid by a corre-Where the tildes denote the Fourier—Laplace transform of a

sponding function for the homogeneous fluid at a smoothedtnction defined for an arbitrary functiof(r,t) by

density. This work was later extended by Pozhar and . .

Gubbind’"* who developed a theory of transport, again Z(k,w)=f dtf drexg —i(k-r+wt)JA(LD. (3

based on a modified Enskog theory for inhomogeneous 0 —w

fluids2° The major limitation to this theory is that it relates , L

local values of transport coefficients to integrals over equi-hc_the S”a'f‘ rate does not vary appremab_ly in time compared

librium inhomogeneous singlet and pair correlation funC-W'th the_tlme scale for molecular m(_)t|_0ns, the zero fre-

tions. It is unlikely that the theory will hold when systems 9UENCY limit of Eq.(2) may be taken, giving

are far from equilibrium. A comparison of the Pozhar— ~ -~

Gubbins(PG) theory was made with nonequilibrium molecu- Pyy(K) == n(k) y(k), 4

lar dynamics§NEMD) simulations of a fluid undergoing pla- where the missing frequency arguments imply:0. Equa-

. . l .
EaErM%OIS.eUI"e.t.ﬂOV% Flov;ever{hthe t(_:omfptl.rl]tau%n of Itocal ttion (4), which defines the wave-vector-dependent viscosity,
Viscosities, defined as the ralio of the shear Sress 1, paan ysed previously to extract this quantity for bulk

the strain rate, was already known to be a severe approX'm"fﬁhomogeneous fluids via the sinusoidal transverse force

tion, leading to poor statistical accuracy as the strain rat?STF) method? In the STF method the inhomogeneities are

approaches zero. introduced artificially via a sinusoidally varying external

. Som_e time ago it was suggested t_hat the I_mear_ constittige|q which gives rise to an oscillatory density profile.
tive relations could be further generalized by invoking non- In the case of a homogeneous fllid we can represent the
local transport coefficients. The nonlocal generalization of viscous kernel as)(r —r')=pd(r —t'), wherey is a constant

Newton’s law of viscosity is then The spatial localization is introduced into Eg) by means
. . of the delta function. It is clear that for a spatially homoge-
Pyx(rat):_f dsf dr’ p(r—r',t—s)y(r',s), (1) Neous system Eql1) simply re_duces to the Navier—Stokes
0 - shear viscosity, as expected, i.B,,(r)=— ny(r).

We have previously suggesﬂtx Lthat Eq.(4) could also
where  and y are the shear viscosity kernal and strain ratepe used to extract the viscosity from simulations of liquid
respectively, and we have ignored any explicit dependenciefow through porous solids in which the degree of confine-
of these quantities on the local, intensive, thermodynamienent meant that the local constitutive relation for viscosity
state variables. Though not stated by Evans and Moftiss, was invalid. It was conjectured that if the strain rate and
this form of the expression is exactly valid only for a systemstress profiles could be obtained with sufficient spatial reso-
which is homogeneous in space because there is no explidittion and with high signal to noise, a wave-vector-
density dependence in the viscosity kernel. However, for sysdependent viscosity could be calculated from the Fourier
tems that are strongly inhomogeneous the viscosity kerndtansformed data via E@4). A position dependent viscosity
should be written asy(r,r—r’,t—s) or just n(r,r’,t or viscosity profile could then be obtained via an inverse
—s). However, as yet there is no clear way to extract thistransform. Up until now, all attempts to verify this sugges-
viscosity kernel for an inhomogeneous system such as fluidson have ended in failure due to either insufficient accuracy
in nanopores, and so in what follows we drop the explicit in the profiles or a failure to appreciate some of the subtleties
dependence. In this case the viscous kernel represents avolved in evaluating the nonlocal viscosity. In this paper
effective (density averagedviscosity density which when we outline a method for evaluating this quantity and, for the
integrated over all space will provide an effective pore vis-first time, demonstrate conclusively that the method works
cosity. In Sec. VI we will show that this effective viscosity by computing the effective viscosity density of a highly con-
density allows us to predict approximate flow profiles forfined simple fluid in which the local constitutive relation is
inhomogeneous systems that are similar to what one woulthvalid.
find in real nanofluidic systems. The remainder of the paper is set out as follows. In Sec.

In Eqg. (1) the simple proportionality between stress andll we revise the Navier—Stokes theory for our simulation
strain rate implicit in Newton’s law and its local generaliza- geometry; in Sec. Il we describe the numerical details of the
tion has been replaced by a double convolution in space anektraction of the viscous kernel in E@); in Sec. IV we give
time so that the stress at positiorand timet is not simply  specific details of the simulations; in Sec. V we present the
proportional to the strain rate at positiorand timet, but is  results and discuss them at length; in Sec. VI we describe
proportional to the entire strain rate history, and strain ratdnow the effective position dependent viscosity density may
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be used to predict approximate flow profiles for nanoscale (a)
flows with arbitrary geometry; while in Sec. VII we form
some conclusions.

I wall thickness

Il. NAVIER-STOKES THEORY FOR FLUIDS IN SLIT L —
PORES "
The momentum continuity equation describing the flow |~ S ’
of a single component fluid under the influence of an exter- P W fluidatoms
nal field per unit masgs;,, is given by X
riodic image
dux(y) _ dPyx(y) - g;wall atom§

dt — dy T PFe ®)

wherep is the mass densitp,, is theyx component of the
viscous pressure tensor and the confinement is ity thigec- ®)
tion while the external field acts in thedirection. This equa-
tion is valid arbitrarily far from equilibrium. The correspond-
ing Navier—Stokes equation is then obtained by substituting
Newton’s law of viscosity

Pyx=— 77:)’ (6)

into the fluid equation of motion, and noting that in the
steady statelu(y)/dt=0,ie., OO POOOW -

L, z

L

d;}’(Y) E. gAxi ?\wall atoms in
7 dy +pF.=0. (7) :? U E xz plane
The Navier—Stokes equation is trivial to solve for the one- L

component fluid subject to gravity flow in a planar channel. . ) ) .

T kev assumbtions must be made however. The first is th FIG. 1'. Geometry of the smulalnon environmef®). Overall system mclud-
Wo key N p_ ) : "ﬂg fluid and wall atomgz-direction normal to page (b) wall atoms in the

the density is uniform throughout the fluid. The second asxz plane, defining separation of layefsdirection normal to page

sumption refers to the boundary conditions. A common

boundary condition is the stick boundary conditi@m slip) _ ) ) ) )

which states that the component of velocity must vanish at SPectively. Comparison of the simulated streaming velocity

the walls, i.e.u(y==h), whereh is the distance from the profiles with that predicted by E@8) gives an indication of

center of the channel to the walls. With these assumptiondhe accuracy of Navier—Stokes theory for high degrees of

the solution for the streaming velocity is confinement. The authors and collaboratbté?*have made
5 these comparisons and determined that for channels of the
_ h*pF. — order of 10 atomic diameters in width or more, the Navier—
Ux(y)= (y°=1), tS) o ,
27 Stokes predictions are largely correct if one allows for some
wherey=y/h. slip at the walls. Below these pore widths, the velocity pro-

The form of the streaming velocity can alternatively befIIeS develop some fine structure.

determined from NEMD simulations of simple fluids under- . Tlhe_ V|sc_:f05|ty can be detfermn}ed r\]/wthm the .NEM?
going Poiseuille flow. Here, the local velocity is obtained simulations it one assumes a form for the constitutive rela-

from its definition tion. No othfar assumptions_ are made. The pressure tensor
can be obtained by direct integration of the density profile
J=pu, (9)  followed by multiplication by the field magnitude, while the

whereJ is the momentum density, and no assumptions arstrain rate profile can be obtained by the numerical differen-

made in this case. The momentum and mass densities afi@tion of the streaming velocity datgr, alternatively, by
obtained using their microscopic definitions analytic differentiation of a functional fit to the velocity

datg. Departure from the quadratic behavior depicted by Eq.
(8) indicates the limitations of assuming Newton’s law of
viscosity, while a viscosity which is not uniformly finite im-
plies the breakdown of assuming the more generalized local

1 ; :
p(y)= KEi ms(y—vi), (17 ~ Version of Newton’s law.

IlI. EXTRACTION OF VISCOUS KERNEL

1
IY)= 7 2 Mvwidy=¥i), (10

with the Dirac delta functions replaced by functions which
are finite in some small region of i.e., the data is simply Our approach is to conduct a series of NEMD simula-
collected in bins of thicknesay and ared in thexz plane.  tions of a WCA fluid undergoing Poiseuille flovidetails

Herem; andv; are the mass and velocity of partidlere-  given in next sectionat several pore widths. We have cal-
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culated stress, velocity, and strain rate profiles with high nurepresent a slit pore. We performed simulations at three dif-
merical precision and with high spatial resolution in order toferent reduced pore widthk/o=5.1, 10.2, and 15.3, where

show that Eq(4) is the correct generalization of Newton’s the pore width,L, is defined as the distance between the
law of viscosity. We note that for our geometry in the centers of mass of the two innermost opposing wall layers
steady state(see Fig. 1, Eq. (1) reduces toPy(y)  (throughout the remainder of this paper all quantities are

=—JZ.dy ﬂ(y—Y')KY')- _ _ given in reduced units defined in terms of the LJ energy and
We apply numerical Fourier transforms and inverse Fouyistance parameters

rier transforms to all our data. The discrete Fourier transform Our coordinate system is defined such that the walls are

is defined a& parallel to thexz plane and the fluid is therefore confined in
~l2nmw N-1 PR they direction. To generate Poiseuille flow, we apply a con-
(N_TS) :ngo f(kTg)e =M (120 stant force(pressure headn the positivex direction to all

fluid atoms which has the same desired effect as applying a
wherek, n=0,1,2,,.N—1, N is the number of sampling pressure gradient without the undesirable complication of
points, andTs is the sampling period. Her(---) denotes a  density gradients in the flow direction which would result
function inr space andF(---) is its Fourier transform. The from it. The magnitude of the pressure head used in this

inverse discrete Fourier transform is given as work wasF,=0.02 for all systems studied. This value was
1 N g . chosen to maximize the signal to noise ratio while maintain-
f(kTe)=—=— >, F|—=—|e?"k/N, (13)  ing a linear response. Typically, lower valueskaf may be
NTsi=o | NTs

used for wider pore widths but we found it convenient to
It is important to appreciate that although our data isretain a single value for all simulations.

finite in space(i.e., there are only a finite number of bins in In all our simulations, the number of wall atoms was
which we accumulate datahe infinite range taken in the fixed at 216(72 atoms per layér The number of fluid atoms

limits of the integral in Eq.(1) appears in our numerical differed, depending on the value of the pore width: 216, 504,
convolution via the periodic boundary conditions. For ex-and 864 forL=5.1, 10.2, and 15.3, respectively. For each
ample, consider a simulation consisting of data containe¢hannel width we simulated fluid densities equal to 0.442
within a total ofn bins, ranging in bin number from 1 ®@  and 0.650, with a constant wall density for all systems of
What should theconvolutedshear stress, defined by Ed4),  0.850. We note that there is no unambiguous definition of

be in bin numberi? Using a discretised version of EQ)  \5jume in a pore systeff.In this work we have defined the
(assuming the zero frequency limit is takeme finds volume to beV=(L—l)L§z. The geometry of the overall

" _ system and walls is indicated in Fig. 1.
Pyxi:_AYbinZ Ni—jVj» (14 The equations of motion for the wall and fluid atoms
=t were integrated using a fifth order Gear algorithm with a
where—Py,; is the shear stress in thih bin andAyy;, is the  time step of 0.001. The magnitude of the spring constant for
bin width. As there are no bin numbersD we use periodic  the wall atoms was chosen to be 57.1. This value was chosen
boundary conditionsy; =7,y (i=1,2,...n) to take all o maximize the thermal coupling between the wall and fluid
bins into account. Periodic boundary conditions are essentiglioms but we note that this relatively low value permits
because our simulation is spatially periodicyir(it is also  gome penetration of the walls by fluid atoms. A Gaussian
periodic inx andz). Failure to include these transformations thermostat was applied to the wall atoms to maintain a con-
in the convolution integral results in an erroneous convolute(ét‘,:mt kinetic wall temperature of 0.722 throughout the simu-
stress. lations. No thermostats are applied to the fluid; the viscous
heat generated is allowed to dissipate via conduction through
IV. SIMULATION DETAILS the walls.

Our simulations were conducted in the following man-
ner. First, a pore of the appropriate dimensions was con-
structed and then filled with fluid atontthe wall layers were
simply replicated a certain number of times in the pore
space. Second, the external field was applied and the system

We performed nonequilibrium molecular dynamics
(NEMD) simulations for a Weeks—Chandler—Andersen
(WCA) atomic fluic?® undergoing planar Poiseuille flow. The
algorithm for Poiseuille flow has been described in detail in

several other publicatiof%?’ and so we give here only a e \
brief outline of the scheme employed. allowed to reach a nonequilibrium steady stéigpically 1

The slit-pore model consists of a single wall comprisingmillion t.ime steps. Pr.ijucti_on runs were then conducted for
three layers of atoms arranged in an FCC lattice. The atom@ duration of 400 million time steps. These extremely long
in each layer are confined to their equilbrium sites througHUns were necessary in order to obtain the very high signal to
harmonic restraining forces; the layers themselves are sufoise values on the binned quantities. The shear stress was
ject to holonomic constraints which act to prevent their cencomputed by integrating the momentum continuity equation
ters of mass from moving in the transverse direction. Thigthe so-called IMC methof, which involves integrating the
model for pore walls was suggested by Povffe®eriodic  density profile and multiplying by the external field magni-
boundary conditions were applied in all three Cartesian ditude and the streaming velocity and density were collected
rections so that only one wall is needed per simulation cell tan bins of small width.
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FIG. 2. Densityp(y) as a function ofy for average fluid densities of

p=0.442(dashed lingand 0.650(solid ling). (A) L=5.1,(B) L=10.2,(C)

L=153. FIG. 3. Streaming velocity,(y) as a function ofy for average fluid den-
sities of p=0.442 (dashed ling and 0.650(solid line). (A) L=5.1, (B) L
=10.2,(C) L=15.3.

V. RESULTS AND DISCUSSION

In Fig. 2 the densityp(y) is plotted as a function of
position for the three different channel widths. We note thatoreparation. The strain rate profiles for the same systems are
y=0 represents the center of the fluid channel. As is to b&hown in Fig. 4, where deviations from linearity are indica-
expected the fluid is highly inhomogeneous for the smallestive of departures from Navier—Stokes predictions. As ex-
channel width [ =5.1) and experiences large density oscil-pected, these deviations are particularly pronounced for the
lations particularly in the layers immediately adjacent to bothL =5.1 system, again increasing in extent as the overall sys-
walls. These density oscillations are more pronounced for theem density is increased from 0.442 to 0.650. Linearity is
higher average fluid density system=0.650 compared to only apparent for thé.=10.2 and 15.3 systems sufficiently
the lower average density systép=0.442. These oscilla- far removed from the walls. In Fig. 5 we plét,,(y) as a
tions become less significant towards the center of the chariunction ofy for all systems and again observe similar trends
nel as the channel size increases. Forlthel5.3 system the 1o those observed in Figs. 2—4, noting that deviations from
only significant inhomogeneity appears in the immediate vithe hydrodynamic linearity expected for Navier—Stokes flu-
cinity of the walls. The streaming velocity profiles are dis- ids undergoing Poiseuille floare manifest as strong oscil-
played in Fig. 3. For a classical Navier—Stokes fluid underdations in the vicinity of the walls, and that these oscillations
going planar Poiseuille flow the streaming velocity profile increase in magnitude with increasing overall system density.
should be quadratic iy, as demonstrated in E¢B). Thisis  In Fig. 6 we plot the real part d?yx(ky),';/(ky), and77(ky)
clearly not the case for the=5.1 system, in which pro- for a pore width ofL=15.3.
nounced oscillations in the profile exist throughout the fluid, We now make an observation in the calculation of the
particularly for the higher density system. As the channeliscous kernel defined by Eql). Let us add an arbitrary
width increases these oscillations diminish near the center @fonstant,;,, such that
the channel and are only significant close to the interface
between wall and fluid atoms. The maximum streaming ve-
locity decreases for fixed field strength as the channel width
decreases due to increased frictional resistance between wall
and fluid atoms. Figure 3 does show evidence of slip behavSubstitution of Eq(15) into Eq. (1) yields in the zero fre-
ior, which is the subject of a separate paper currently imquency limit

n(r—r")=mno+ n(r—r’). (15
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y FIG. 5. Element of the pressure tensBy,(y) computed by the IMC

method(Ref. 24 as a function ofy for average fluid densities gf=0.442

FIG. 4. Strain rate ¢) as a function ofy for average fluid densities of (dashed ling and 0.650(solid line). (A) L=5.1, (B) L=10.2, (C) L

p=0.442(dashed lingand 0.650(solid line). (A) L=5.1,(B) L=10.2,(C) >
L=15.3.
* - cous kernel of Eq(l), not the viscosity as is commonly
Pydr) == f 7a(r=r")y(r')dr’— ﬂoJ Y(r')dr’.  defined by Eq(6) for a homogeneous fluid. These two quan-
- o (16 tities have different units and are valid in terms of their de-

fining constitutive relation$Eq. (1) for the viscous kernel
For planar Poiseuille flow we note that the second integral irand Eq.(6) for the viscosity.

Eqg. (16) is zero. This would also be the case fmy flow In Figs. 7 and 8 we plot the viscosity and viscous kernel
geometry in which the integral of the strain rate over allfor all systems simulated. This includes Newton'’s local vis-
space is zero. Thus the contribution to the shear stress osity defined by Eq(6), and the Navier—Stokes viscosity
independenbf 7 for our flow geometry. The viscous kernel for both densities studied. The viscous kernel is plotted on
defined by Eq(1) is therefore only relative to some baseline the same scale as the Newtonian and Navier—Stokes viscosi-
value 7 and this value needs to be determined. It cannot beies for comparison purposes only and should be interpreted
determined simply by the Fourier transform method, whichonly as a relative quantity on these plots. The Navier—Stokes
will only reconstructzn, . As 7, defines a baseline viscosity, viscosity is computed in the following way. We fit the
the SLLOD algorithn}® can be used to compute this baselinestreaming velocity simulation data to a parabolic function,
viscosity at a density, temperature, and strain ratertitth  u,(y) =c,y?>+c,. Comparison of this function with the
the corresponding density, temperature, and strain rate nehlavier—Stokes  predicted  velocity  profile u,(y)

the middle of the channel where inhomogeneity is minimal= — (pF¢/27yg) (Y2—h?) leads to the value c,=

(at the center of the channgl=0 so SLLOD cannot be —pF27nys, from which we compute the Navier—Stokes
used. In a previous papét it was reported that “Only when viscosity aszys=— pF¢/2C,. There are several important
inhomogeneity in the fluid causes significant nonlocal behaveonclusions that can be drawn from this comparison. First, it
ior can one expect measurable differences between the local clear that our viscous kernel doest suffer from the sin-
properties of an SRi.e., sliding boundarysimulation and gularity problems clearly displayed by the local viscosity
the corresponding H$i.e., SLLOD) values. This, for ex- definition at =024 This is dramatically observed for
ample, would be expected to be the case for the shear vishe high densityL=5.1 system, where the local viscosity
cosity %(r), wherer is located near the fluid-wall interface.” oscillates significantly throughout the channel and diverges
The extraction of this baseline viscosity and a viscosity fromto very large or even negative values near the stationary
a viscous kernel will be the subject of a future publication.points in the streaming velocity profile where the strain rate
For now, we note that in what follows we compute the vis-goes to zerawhich is, strictly speaking, undefined in the
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' U | ] FIG. 7. Position dependent shear viscosities and viscous kernels as a func-
1 () ] tion of y for an average fluid density g6=0.442. (A) L=5.1, (B) L
2] 4 =10.2,(C) L=15.3.7y(y) is computed by the nonlocal constitutive model,

1 Egs. (1)-(4); n.(y) is the local viscosity computed gs- Py (y)/ ¥(y)),
1 where(: - -) denotes a time averagejg(y) is the Navier—Stokes shear vis-
24 b cosity computed as the ratio of shear stress to strain rate, where both quan-
Re[ﬁ(k )] 4 ] tities_are assumed' to have Iin_ear profiles as demanded by th_e Navier—Stokes
i 1 solutions for a fluid undergoing planar Poiseuille flow. Typical errors are

41 ] 1%-3% for ny(y) throughout the channel and 10%—-15% fgr(y) away
8 4 from stationary points in the streaming velocity profile whefg)—0, but
are not shown on the plot for visual clarity. Units gf,(y) are arbitrary.

-14 T 1 J T T T 1] L] T
20 0 2 4 6 80 100 120 140 160

k, pointed out the poor statistics for the local viscosities implies
that many of these peaks are unphysical, particularly near the
FIG. 6. k-space transforms df) shear stresg)) strain rate, andc) vis- stationary points in the streaming velocity profile. Also
cosity[Eq. (4)] for the systenl =15.3 andp=0.442. . . .. . L.
shown are the Navier—Stokes viscosities which, by defini-
tion, are constant and thus incapable of predicting spatial
variations in the viscosity for such highly inhomogeneous
local model]. In contrast, our viscous kernel behavesfluid systems. Nonetheless the invariance of the Navier—
smoothly and suffers from no such singularity problems. ItStokes viscosities do agree reasonably well with relative in-
also demonstrates significantly improved statistical accuracyariance of the viscous kernels for the=10.2 and 15.3
with typical standard errors of 1%—2% compared with 10%—-systems away from the walls, suggesting that the departure
15% for the local viscosity away from locations in the fluid from hydrodynamic behavior really is only very significant
where y—0. As is physically plausible, the viscous kernel in the first few atomic layers near the walls. Significantly, the
does display strong oscillations near the walls that decay istatistical inaccuracy in the local viscosity measurements
strength towards the center of the channel. Forltk€l0.2  makes a similar comparison between the Navier—Stokes vis-
and 15.3 systems the viscous kernel is almost flat away frorosity unreliable.
the walls, whereas the local viscosity demonstrates signifi-  In order to confirm that the viscosity defined by K
cant statistical fluctuations that cannot be physically realis consistent with that definition, we computed the stress
The actual positions and numbers of peaks in the viscousom Eq. (1), using as input the viscous kernel computed
kernel differ to those of the local viscosity, though as justfrom Egs.(4), (12), (13) and the strain rate data. Excellent
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use this function for any arbitrary flow geometrythe weak

20 =m= 77“ — .ﬂNsl . nl’j (v _ ?"6'50) field limit to obtain approximate flow profiles. To illustrate
ot | oo this idea, in what follows we describe how to predict the
:i Vo N ; :E flow profile for planar Couette flow, making the assumption
5] S N AR that in the weak flow limit the viscosity profiles for planar
AN : oL Poiseuille and Couette flows are similar.
2L :,:. en _';._ T" . ] E.E i The momentum continuity equation for any flow arbi-
v | ; - . Vo trarily far from equilibrium is given as
08} E E N “. ," v E E A du(r,t) B
3.'0 L ! K ] : ) ‘i p(r,t) dt =—V-P(r,t) +p(r,t)F, (17)
| 2 -1 0 1 2
25 | E f‘ . whereF, is an external driving field per unit mass. Now, for
I h .": the system to be in mechanical equilibrium there is no net
20 :E f: T acceleration of any fluid element so the left-hand side of Eq.
15 i :'. |:- | (17) is identically zero. For planar Couette flow the external
770}) ! oo field is also zero, the flow being generated entirely by the
10 [ e A ;" :"| “, ] moving wall boundaries. If our geometry is such that the two
P A TN walls are moving with equal and opposite constant velocities
51c 4 2 no 2 4 in the x direction and the velocity gradient is in tlyedirec-
12 ;. "I ] tion, then Eq.(17) reduces to
nEn
10 [ .:EE- EE T M=O (18)
b dy
08 [ ¢ |':|.”.::‘ O . This implies that for planar Couette flow, no matter how
' ’ ::E:!E:: . strong the density inhomogeneities are in the system.,
06 —L L L, L L L flow in nanoporous materiglsthe shear stress will always

have a constant value, unlike Poiseuille flow, where the shear
stress demonstrates significant oscillations near the walls. In
k space, Eq(18) becomes

FIG. 8. Position dependent shear viscosities and viscous kernal as a function

of y for an average fluid density ¢=0.650.(A) L=5.1,(B) L=10.2,(C)

P,(ky)=27P,,5(k,), (19)

L=15.3. Viscosities are as defined in Fig. 7. Typical errors are as indicated

in Fig. 7.

whereP,, is a constanfthe negative of the shear strgasd
we drop the explicit dependence in the equations since we
deal with steady-state systems. Substituting @g.into the

agreement was found between both stress values, confirmingft-hand side of Eq(19) gives
the validity of our numerical procedure.

VI. PREDICTION OF FLOW PROFILES

~ 2aPya(k)
=TT

Thus, all that remains is to substitute in thespace viscosity

(20

Apart from fundamental studies of tHespace depen-
dence of the shear viscosity, our approach has potential f
practical application in combined micro/mesoscale fluid
simulations. In particular, from a fluid dynamics perspective,
one is always interested in predicting flow profiles for com-
plex geometries. In order to solve the Navier—Stokes equa-
tion for the streaming velocity one must make assumptions
about the fluid's viscosity. It is clear from Eql) that the = We further note that the shear stré&g is easily obtained as
viscosity is a complex function of density, temperatarel  the ratio of the total force on the shearing boundary layer
strain rate. It is thus not possible to extract a viscous kerngli.e., the moving wa)l to the surface area of the wall. An
from Eq. (1) for a simple flow geometry and then use it to examination of Eq(20) immediately tells us that the flow
exactly solve for the flow profile in a more complex flow profile for planar Couette flow will depart from the linear
geometry because the density, temperature and strain ratesprediction of Navier—Stokes theory and will contain oscilla-
both types of flows will be different. However, in the weak tions dependent on the spatially varying viscosity profile.
field linear regime one might be able to solve this approxi-Furthermore Eq(21) is independent ofp,. All we need is
mately. For example, our Poiseuille flow simulations couldthe k-space viscosity, making a determination g from
be used to extract a zero field spatially dependent viscosityglternative approximate methods unnecessary.
by running simulations at a number of field strengths and  To demonstrate that this procedure works, we predict the
extrapolating to zero field. This viscous function represents dlow profile for an atomic fluid of WCA particles undergoing
material property of the fluiét equilibrium One could then planar Couette flow with a channel width bf=5.1. We use

(Rrofile (obtained from our Poiseuille flow simulationmto
Eq. (20) and then take the inverse Fourier transform to obtain
the flow profile, i.e.,

1 o —_ .
)= 5= [ dy[” dT e (21
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08 T T " T " . T valid close to equilibrium and is based upon kinetic theory

] ] approximations. It is simple to compute and does not require
any assumptions other than a determination of the baseline
044 1 viscosity. As experimental measurements of the position de-
] ] pendent viscosity for such highly inhomogeneous systems
are currently unavailable, computer simulation remains the
ufy) oo- 1 most accessible means to determine the transport coefficients
| ] for these technologically important fluid systems. Further-
more, we have demonstrated how to use such a viscous ker-
044 7 nel to obtain approximate streaming velocity profiles for ar-

] ] bitrary flow geometries in the weak linear regime. This
approach may be useful for the study of nanoscale flows by
methods that combine microscopic and mesoscopic simula-

0.6 B
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tion methods.
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