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Abstract We present molecular dynamics simulation
results on fluid and transport properties for nanochannel
flows. The upper channel wall is constructed from peri-
odic roughness elements and flows are simulated both in
longitudinal (ribs) and transverse (grooves) direction and
are compared to respective flat-wall channel flows. Vari-
ous wall/fluid interaction strength ratios are considered for
the simulations, covering typical hydrophilic and hydro-
phobic channels. We show that groove orientation (ribs
and grooves) has a primitive effect on flow mainly due to
slip length increase in a ribbed-wall channel. The transport
properties of the fluid are significantly affected by wall
wettability, as, in flows past an hydrophobic wall, the diffu-
sion coefficient presents anisotropy, shear viscosity attains
a minimum value and thermal conductivity increases.

List of symbols

c, Specific heat

D;  Diffusion coefficient, i = ch for channel average and
i = lay for local/layer average

Dl-‘ Parallel to the flow diffusion coefficient, i = ch for

channel average and i = lay for local/layer average

DiT Transverse to the flow diffusion coefficient, i = ch
for channel average and i = lay for local/layer
average

d System dimensionality

F,?  Magnitude of external driving force in the x- or
y-direction

&n Groove height
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8 Groove length
h Channel height

I Unitary matrix

Jg Microscopic heat flow

kg Boltzman constant

L, ., Effective slip length

m Atomic mass

N Number of atoms

N,,, Number of atoms in a layer
r,  Position vector of atom i

rjj Distance vector between ith and jth atom
T Temperature

A\ Volume

z Normalized distances in the z-direction

Greek symbols
&,y  Energy parameter in the LJ potential, w for wall
particles, f for fluid particles

A Thermal conductivity, i = ch for channel average
and i = lay for local/layer average
n,;  Shear viscosity, i = ch for channel average and

i = lay for local/layer average
P Fluid density
o Length parameter in the LJ potential
Vj Speed velocity magnitude of atom i

1 Introduction

Flows in nano- and micro-channels have been widely
investigated in the past few years, since current nanotech-
nology methods have enabled fabrication of small-scale
systems and devices used in water desalination [1], nano-
filtration systems [2], CO, separation and storage [3] and
many more, as reviewed in [4]. When downsizing at the
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nanoscale, flows are difficult to be implemented due to
strong confinement and wall interaction on fluid atoms.
Theoretical investigations on gas and liquid flows in micro
devices (MEMS/NEMS) have to take into account prop-
erties not previously taken into account at the macroscale
[5-7]. From a fundamental point of view, relations from
classical fluid dynamics, such as the Navier—Stokes (NS)
equations, have been incorporated and scaled down to the
nanometer range so as to explain fluid behavior. The valid-
ity of the macroscopic relations has been tested against
results from molecular dynamics (MD) simulations, a
method that applies directly at the nanoscale and provides
a well-established theory for fluid flow investigation [8, 9].
Multiscale/hybrid system simulations are also being used
in order to explain fluid behavior near the solid boundary
(with MD) and away from their effect, in the channel inte-
rior (with NS) [10-14].

Researchers have incorporated, either in theoretical
basis or experimental setups, novel materials and channel
architectures that enhance flow [15—17]. One of the reasons
that flow enhancement is possible at the nanoscale is the
slip length, a quantity that results when the macroscopic
hypothesis of no-slip breaks down [18]. Slip existence or
not leads to studies on super- (or ultra-) hydrophobic sur-
faces. Voronov et al. [19] reviewed current simulation and
experimental methods aiming to correlate slip length and
fluid contact angle in either flat or patterned surfaces.

Most studies on slip involve the incorporation of either
rough, patterned surface of channels during flows or a kind
of control over the surface wettability degree [20] or, even,
the spring force that connects wall atoms [21]. Asproulis
and Drikakis [22] suggested that the amount of slip versus
wall stiffness can be modeled through a fifth-order polyno-
mial function. Experiments on slip have shown that larger
slips lengths occur with smaller surface roughness [23]
and hydrophobic walls [24]. Niavarani and Priezjev [25],
among others, pointed out that in the presence of peri-
odic surface roughness, the magnitude of the effective slip
length is significantly reduced. Cheng et al. [26] calculated
slip length for various roughness patterns and found greater
slips for longitudinal grooves compared to transverse ones.
The same result obtained in Priezjev et al. [27] for flat-wall
channels with stripes of different shear behavior, where
larger slip calculated in longitudinal configuration than
transverse. Moreover, larger slip was also found when wall/
fluid interaction decreases. Yen [28] noticed that hydropho-
bic behavior has more pronounced effect than roughness
on slip. More details on boundary slip can be found in the
review of Cao et al. [7], where molecular momentum trans-
port is investigated, with emphasis on molecular behaviors
near fluid—solid interfaces at the nano/microscale.

Studies in nanoflows have been also directed towards the
calculation of transport properties of fluids. Three of the
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most important transport properties that reveal the mecha-
nisms of mass, momentum and heat transfer, i.e., the diffu-
sion coefficient, shear viscosity and thermal conductivity,
have been calculated with equilibrium or non-equilibrium
molecular dynamics methods [29-31]. Transport properties
are difficult to define experimentally or with relations from
classical fluid dynamics, especially when extensive shear
stresses or non-linearities are present [32, 33]. Apart from
individual calculations for each one of the three transport
properties [34-39] diffusion coefficient has been calculated
with molecular dynamics simulations and connected with
shear viscosity [40], as well as with thermal conductivity
[41] through classical algebraic relations.

In this work, we model duct flows in nanochannels with
flat, ribbed and grooved walls of various hydrophobicity/
hydrophilicity degrees, and argue on each channel effect on
flow parameters, such as density profiles, velocity profiles
and slip length calculation. Both hydrophobic and hydro-
philic channels are incorporated for our wall geometries.
Moreover, we present detailed transport properties calcu-
lation (diffusion coefficients, shear viscosity and thermal
conductivity) along the channel, both in layer and channel
average values, by incorporating microscopic relations in
conjunction with relations from the continuum theory. We
analyze simulation details in Sect. 2, plot and discuss the
results in Sect. 3 and conclude in Sect. 4.

2 Simulation methods
2.1 System model

Liquid monoatomic flow is simulated in channels with flat,
grooved and ribbed walls (Fig. 1a—c, respectively). Flow is
considered equivalent to Poiseuille flow, where liquid argon
flows between two parallel plates. The system is periodic
along the x-, and y-directions, while, in z-direction, A is
the wall separation (channel height). Wall separation for
the flat-wall channel is 7 = 18.58 o, while groove height
and length are g, = 1.9 0 and g, = 5.3 o, respectively. The
choice of the specific channel height is based on the fact
that, as it has been presented in the literature, simple fluid
transport properties (as an average across the channel) tend
to obtain their bulk values in channels above 10 o [31], so
h = 18.58 o lies above this limit. In this way, the calcu-
lated results are mainly affected by the wall grooves/ribs.
The distinction between a grooved and a ribbed channel is
made by the flow direction; when the fluid flows in trans-
verse direction to the protrusions, we have a grooved-wall
channel, while, in longitudinal direction, we have a ribbed-
wall channel flow.

Fluid/fluid, wall/fluid and wall/wall interactions
are described by Lennard-Jones (LJ) 12-6 potential
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(b) grooved-wall

(a) flat-wall

48x48
bins

(c) ribbed-wall (d) channel division

Fig.1 Channel model showing implementations of a flat-, b grooved-, ¢ ribbed-wall channels and d channel division in 48 x 48 bins and 9 lay-

ers for numerical calculations

ut (ryj) = 4e((o/rij)!? — (o/r)®), with the energy
parameter e/kB = 119.8 K, constant mean fluid den-
sity pr = 0.642 o3 (from now on, p), wall density
ow = 0.87 073 and cut-off radius, e.g., the distance
above which the potential energy between two parti-
cles is zero, is r, = 2.5 o. Flow originates due to the
application of an external force F,; = 0.01344 (¢/0)
to all fluid atoms (F,, for the ribbed-F%, for the
grooved), which acts as an analog to the application of
pressure difference to induce the flow in macroscopic
systems.

Wall atoms are bound on fcc sites and remain approxi-
mately at their original positions due to the effect of an
elastic spring force F = —K (r(r) — req), where r(2) is the
vector position of a wall atom at time 1, r,, is its initial lat-
tice position vector and K = 57.15¢ / o2 is the wall spring
constant which defines the stiffness of the channel wall,
i.e., the bonding strength between wall atoms, and large K
leads to a stiffer wall. This choice of K was found to sat-
isfy the Lindemann criterion for melting and does not result
in oscillating motion of wall particles being outside the
regime that can be addressed in the molecular simulation
time step.

The system is simulated for two different wall/fluid
interaction energy ratios &, / gr =0.5and 1.5 (w: wall and
f: fluid), which is a means of estimating the slippage of fluid
atoms close to the channels walls [42]. This ratio was also
found to be analogous to surface wettability (hydrophobic
or hydrophilic wall), as potential energy values reveal wall/
fluid attraction for values ¢, / er = 1.5 (hydrophilic) and
fluid atom repel from the wall when ¢,, / gr = 0.5 (hydro-
phobic) in [43].

Simulations are held under constant temperature 7' = 1
€ / kp, with the application of Nosé-Hoover thermo-
stats. The simulation step for is A¢ = 0.005 7 (z: in units
of \/ma? / ¢). Simulation begins with fluid atoms given
appropriate initial velocities in order to reach the desired
temperature (7' = 1). The system reaches equilibrium after
an equilibrium run of 2 x 10° time steps. Then, a number

of NEMD simulations for each channel type are performed,
each with duration of 5 x 10° time steps.

2.2 Calculations

We calculate number density and velocity values and
present the results in profiles across the channel. Num-
ber density and fluid velocity values are evaluated locally
at various xz-positions of the channels. To achieve
this, the channel is divided into a n x n square grid of
bins in the xz-plane (Fig. 1d), with each bin of volume
Vpin = (Lx/n) x Ly x (h/ n), where n = 48. The bin size
in the z-direction is <0.5 o, ensuring adequate accuracy and
smoothness of the results.

Number density is calculated by dividing the average
number of particles located in the corresponding bin by the
volume of the bin. The number of atoms is calculated dur-
ing the whole simulation time and the average is

{Npin(2, 2 + hpin))
N(z) = N, (1)
where, Nf: number of fluid atoms in the whole channel,
N,,;,: fluid atoms inside the bin under investigation and
hy;, the bin height in z-direction. Brackets ( ) denote time
averaging.

Fluid velocity values (in the x-direction for the flat- and
grooved-wall and in the y-direction for the ribbed-wall
channel) averaged in time for every bin is given by

<”x/y(Z, z+ hbin)>
N(z)

The slip length at the solid boundary, L, is generally
calculated from the linear Navier boundary condition as
Ly =vy,/ ”é—lz” , where the subscript w denotes quantities
evaluated at the wall. Due to the existence of grooves/ribs
on the upper wall, we first extract the mean velocity profile

across the channel and calculated the effective slip length as

@

u(z) =
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The channel diffusion coefficient is obtained from the
Einstein’s relation [31]

1 N
Doy = lim —— <§; [1j(1) — rj(O)]2> 3)

We also consider the diffusion coefficient as parallel D'
(x- and y-direction of the position vector r) and transverse
DT (z-direction of the position vector r) to the flow as [44]

ol _ DD

! S i PR y 92
=2 4% zN,<Z[f<’>—r}‘<°>} +3[Fw-ro) >

Jj=1 J=1

“

N 2
D" = D" = lim 2Nt<z [f(t)—rf(O)] > (5)

J=1

From Egs. derive that

_ D*+DY+D* __
Dy = 3

(3-5) we
2D”+DT
3

In order to have a detailed insight of diffusion in fluid
layers adjacent to the wall and estimate the range of wall
effect, we consider 9 layers (division in the z-direction) as
shown in Fig. 1d and calculate the local diffusion coeffi-
cients for each layer as

II ! - x 2 y y 2
Dl =5 Jim 21v1a}t > [ro-ro] +3 [fo-ro)

Jj=1 j=1

(6)
Dl = lim —— (3" {r?(z)—r?(O)r
lay = S0 2Njayt — J J (N
]=
2Dl +DT
From Egs. (6, 7) we derive that D,y = M

Shear viscosity and thermal conductivity are usually cal-
culated using the Green—Kubo formalism, as described in
[29], for systems at or close to equilibrium. Apart from GK
relations, shear viscosity can be also calculated by NEMD
methods, which take into account the induced strain rates
in a confined channel [33].

Diffusion coefficient, as long as fluid atom trajectories
can be mapped in a simulation system, is computationally
expensive to define, but, on the other hand, calculations
are straightforward. This is not the case, however, for shear
viscosity and thermal conductivity. Both GK and NEMD
methods can be difficult to obtain, with increased computa-
tional burden, and calculations can be imprecise when high
strain rates and complex channel architectures are present

@ Springer

[32]. Giannakopoulos et al. [41] proposed a linking scheme
that connects transport properties of fluids. For flat-wall
channels, if we know the values of the diffusion coefficient,
then we can obtain channel shear viscosity 7, , through the
well-known relations

kpT S
D., = —— (Stokes—Einstein) (®)
67 Ng,chO
kT
D¢y = (Sutherland) 9)
4715, cnO

The Sutherland relation was found as a good estimate
for channels of height & > 20 o, while the Stokes—FEin-
stein is a good estimate for 4 < 20 o, as also seen in [40]
where results obtained from this estimate where compare
to results obtained from molecular dynamics simulation.
Simulations held in this work incorporate channels of
h = 18.58 o, so the Stokes—Einstein relation is used for
shear viscosity calculation. In a layer manner, for the same
channel division used in layer diffusion coefficient calcula-
tions, local shear viscosity is

kT

Nslay = 7~ _
Sy 67 Dyyyo

(10)

Based on the GK method, as presented in [29] and
applied in flat-wall nanochannels in [31], the channel ther-
mal conductivity A is calculated by the integration of the
time-autocorrelation function of the microscopic heat flow
J;‘ ,1.e.,

oo

= Tz/d Jx(t) JX(0)> an

0

where the microscopic heat flow J; jl‘ is given by

Zm,(ul) vy —ZZ |: : 8u(r,j) —I.u(rij):| v

i=1j>1

12)

where v; is the speed velocity magnitude of atom i and I is
the unitary matrix. For layer calculations,

9]

. 1
Alay = W/ < qla}(f) zay(0)> (13)
0

and

Nlm Nla\ Nla)

qla\ = Zm,(v,-)zu ZZ l: Bu rU —I.u(r,-j)} v}

i=1 j>1

(14)
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Fig. 2 Channel number density profiles. Solid lines are a guide for
the eye. Bin number is shown in z-axis, starting from 0 (lower wall)

3 Results and discussion
3.1 Number density, velocity and slip length

Number density profiles of liquid argon in various nano-
channels are presented in Fig. 2. We consider three channel
types; channel with ribbed walls (y- flow direction), chan-
nel with grooves (x- flow direction) and flat-wall channel
for comparison. For every channel type, we examine two
wall/fluid interactions, &, / &r = 1.5, which is analogous to
hydrophilic wall behavior, and ¢,, / gr = 0.5, which is anal-
ogous to hydrophobic wall behavior.

Argon Poiseuille flow in a flat-wall channel presents
increased fluid ordering in layers adjacent to the walls,
while it is constant in the channel interior, symmetrical
with respect to the channel mid-plane. The fluid density
peak values decrease as &, / g decreases, corresponding
to less fluid atom localization past an hydrophobic wall.
Similar behavior is observed for ribbed- and grooved-wall
channels, with lower ordering peaks near the grooves. We
observe, however, that groove orientation does not affect
number density. Another point worth mentioning is that the
presence of wall grooves, ribs and the effect of either hydro-
phobic (repelling) or hydrophilic (attractive) wall, seem to
affect number density even at the center of the channel. All
hydrophobic channels present variation (increase) of num-
ber density in the middle, since fluid particles are “pushed”
away from the walls. We emphasize that the variation of
number density does not mean that we change thermody-
namic states between simulations, as fluid density is the
same for all cases investigated here (p = 0.642 0 73).

—8— ribbed,aw/af=0.5

0.25F
—a— ribbed,ewlaf:1.5
— grooved,sw/efzo.s
o2r : —%— groovedg, fe=1.5
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__0.15F —<—flate fe=15
N y ;
S
01f |

i rough wall

0.05

0 10 20 30 40 50

Fig. 3 Channel velocity profiles. Solid lines are a guide for the eye.
Values shown in reduced LJ units o/t

Velocity profiles for all cases investigated are presented
in Fig. 3. At first sight, we observe that an effective means
of facilitating fluid flow in nanochannels is wall hydropho-
bicity, as, for a flat-wall channel, we obtain the maximum
velocity value when ¢, / gr = 0.5, while velocity values
are also greater for the grooved- and ribbed-wall channels
when sw/sf = 0.5 than they are for sw/sf = 1.5. How-
ever, the presence of grooves on channel walls slows down
velocity values, compared to the flat-wall case.

A significant difference between a grooved- and a
ribbed-wall channel velocity profile is the existence of
asymmetry in a grooved-wall channel; the profile is asym-
metric to the channel centerline. This is attributed to the
fact that grooves introduce an asymmetry to the flow, which
is more pronounced for the hydrophilic cases, as the effect
of the walls on fluid atoms extends over a greater range (see
potential maps in [43]). Wall ribs do not seem to induce
any kind of asymmetry. Moreover, we observe that, for the
same &, / ¢r value, in the region close to the grooved wall,
velocity profile for the ribbed-wall channel approaches
closer to the wall and presents greater values compared
to the grooved-wall channel. We attribute this behavior to
fluid atom trapping inside the grooves when the flow is in
transverse direction to the grooves [43], which is not pos-
sible when the grooves are in longitudinal direction (ribs).

Fluid atoms are trapped for a significant amount of time
inside rough wall grooves as it can be shown from the
calculated average time that atoms remain inside cavity
regions. In Fig. 4 we present a representative trajectory for
two liquid atoms: one trapped in the cavity region and one
in the main flow region.

@ Springer



158

Heat Mass Transfer (2016) 52:153-162

0.5—g [] [] [] [] L] [] [] [] [] []
" = = = ®E ®E ®E ®E ®E ®E &= &®
04 M_®m ®m ®m m ®m = " =
. [ ] . . L] [ ]
] ﬁ "= =
0.3 upper rough-wall \ 7
02r trapped liquid atom ]
0.1f 1
N of |
01} 4
flowing liquid atom~,
-0.2f . > 1
-0.3f =z ) 1
lower flat—wall
04 m ®m ® ® ® ®E ® ®E ®E ®E ® =®
" = = = ® ® ®E ®E ®E ®E &= &®
05 a ] ] ] ] | = a a ] ] ]
-0.5 0 0.5

*

]

Fig. 4 Two characteristic fluid atom trajectories in the xz-plane (x"
and 7" are in reduced units), where trapping inside the wall grooves
is shown
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Fig. 5 Effective slip length bar-plot

The effective slip length calculation is shown in
Fig. 5. We point out that L, - is about 15 % greater for
the ribbed-wall channel compared to grooved- and flat-
wall channels. This effect is multiplied when ¢, / gr =05
(hydrophobic behavior), providing slip increase for the
ribbed-wall of about 15 % towards the grooved-wall and
about 90 % towards the flat-wall channel. Similar results
(theoretical and experimental) have been reported in Cao
et al. [45], where a nanostructured surface, when com-
bined with an hydrophobic behavior, gives a super-hydro-
phobic wall, and Maynes et al. [46], where they correlate
slip length behavior near a rough wall to the significant
reduction in the surface contact area between the flow-
ing liquid and the solid wall due to the nonpenetration
of the liquid meniscus into the cavity regions, and, as a
result, a dramatic decrease in the overall flow resistance
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is possible. On the other hand, a contradicting result has
been found in Yang [47], where it is noted that the fluid
molecules flowing over a rough surface (both hydropho-
bic and hydrophilic, for various geometrical characteris-
tics of wall roughness) lose more tangential momentum
than the smooth surfaces, resulting in the reduction of slip
length, while in [48], the effective slip length decreases
when interfacial roughness increases. Both findings do
not agree to the work of Ou et al. [49] for drag reduction
in ultra hydrophobic surfaces and this is attributed to dif-
ferent pressure conditions.

In our study, conclusively, the important finding from
slip length calculations is that we can accelerate surface
slippage by employing ribs on the channel wall rather
than grooves, as was also revealed in Priezjev et al. [27],
although for different channel models. Furthermore, wall
wettability effect is stronger compared to roughness for the
cases shown here, as also pointed out in [28].

3.2 Transport properties

Diffusion coefficient calculations in layers across the
channel are shown in Fig. 6a. For the flat- and hydropho-
bic-wall channel, the diffusion coefficient increases at the
two fluid layers near the wall and is constant, about 15 %
smaller, in the remaining channel layers. Opposite behav-
ior is observed for the flat-, hydrophilic-wall channel,
where the diffusion coefficient at the first fluid layer near
the wall has almost half value than it has in the remaining
internal channel layers. This behavior is attributed to lim-
ited fluid mobility in layers adjacent to an hydrophilic wall
(ew / gr = 1.5), as was also shown in the flat-wall velocity
profiles in Fig. 3.

As for the rough-wall channels, the diffusion coeffi-
cients are rather constant and of the same value across the
channel (from lower flat wall to channel layers near the
grooves/ribs) for &, / gr = 0.5. However, at the adjacent to
the rough wall layer, the ribs have slightly decreasing D,,,
value compared to the grooves. For ¢, / & = 1.5, the diffu-
sion coefficients behavior are similar to those in a flat-wall
channel, with small values at the adjacent to wall layers and
bulk values in channel interior. Wall wettability has a prom-
inent effect on diffusion coefficients compared to rough-
ness, while ribs and grooves have almost similar effect on
their values. We attribute this behavior to the rather small
protrusion height (g, = 1.9 o) in our investigations, which
is overstepped by the strong wall/fluid interaction.

We have to point out that diffusion coefficient values are
different at the channel layer adjacent to the lower flat wall
and the lower side (also flat) of the upper grooved/ribbed
wall (this is also observed in calculated shear viscosity
and thermal conductivity values that follow). We believe
that this is a result of the modification of the wall/fluid
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interactions and fluid atom trapping near the rough wall
[43].

The diffusion coefficient variations across the channel
can be clearly revealed when we investigate the behavior
in parallel and transverse direction to the flow and their
participation in the overall diffusion coefficient value. We
present parallel diffusion coefficient values D}lay in Fig. 6b.
In a general view, it is shown that D}Ly near the walls are
greater than their respective average Dy, values shown in
Fig. 6a for hydrophobic channels. Hydrophobicity, as a
wall parameter, enhances diffusivity towards the direction
of the flow, as fluid atoms are not attracted by wall particles
and are “free” to diffuse. In other words, an hydrophobic
wall leads in diffusion coefficient anisotropy in fluid layers
adjacent to the wall. The hydrophilic wall does not seem to
affect D}Ly.

The investigation of diffusion coefficient for all hydro-
philic channel cases in the transverse to the flow direction,
Dlzy (see Fig. 6¢), reveals no anisotropy in channel layers
away from the walls and, in general, it does not differ much
from the respective D}lay values. The impact of hydropho-
bicity, though, is significant in a way that DlTay is smaller
than D}Ly close to the wall, which is expected because of
the confinement, as the wall acts as a barrier in z-direction.

In order to have a view of diffusion coefficients as chan-
nel properties, we present their calculated values in Table 1.
In a previous work [31] we found that strong anisotropy is
present in calculated diffusion coefficient values for chan-
nels of height less than & ~ 10 o. Isotropic diffusion was
found at 7 = 18.58 o (for sw/ef = 1.2, slightly hydro-
philic). Now, we observe that wall/fluid interaction that
resembles a hydrophobic surface, adds anisotropy in chan-
nels of height 7 = 18.58 o, no matter if the upper wall is
flat or rough. This anisotropy is calculated about 7-8 % for
hydrophobic walls and 3—4 % for hydrophilic ones. No sig-
nificant difference is observed in the comparison between a
ribbed- and a grooved-wall channel, implying that groove
orientation does not have an effect on system dynamics
related to mass transfer.

Shear viscosity results are summarized in Fig. 7. We
stress that, in a qualitative manner, shear viscosity profiles
for hydrophobic grooved/ribbed-wall channels are almost
constant across the channels we investigated here and
slightly increase close to the rough wall. However, in a flat-
wall hydrophobic channel, fluid atoms adjacent to the flat
wall present smaller shear viscosity values than the channel
interior. This is evidence that flat, hydrophobic walls facili-
tate fluid flow at the boundary, while roughness might lead
to stick effects on the walls, as stated in [47]. This is not
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Table 1 Average channel Flat 0.5 Flat 1.5 Rib 0.5 Rib 1.5 Groove 0.5 Groove 1.5
diffusion coefficient, in reduced
. mj e
LJ units > s D, 0.0903 0.0834 0.0923 0.0865 0.0928 0.0865
D‘_‘h 0.0926 0.0844 0.0946 0.0881 0.0951 0.0879
DCTh 0.0856 0.0815 0.0878 0.0833 0.0882 0.0836
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Fig. 7 Shear viscosity in layer average value. Dotted lines are guide
to the eye. Values shown in reduced LJ units o2 / Jme

the case for strong wall/fluid interaction (hydrophilic wall).
Shear viscosity increases at the layer adjacent to the lower
wall, and does not differ significantly either in flat, ribbed
or grooved channels. Maximum shear viscosity values are
obtained near the rough wall in all hydrophilic nanochan-
nels, while channel interior values are almost similar for all
channel geometries investigated here.

Figure 8 present layer values for thermal conductivity
calculated from Eq. (13). Thermal conductivity values for
all channels investigated vary across the channel, as also
shown in [31], where we found that that A is significantly
smaller near the flat channel walls, compared to the channel
interior. The effect of wall wettability is pronounced in flat-
wall channels, as thermal conductivity values are increasing
in a hydrophobic channel compared to a hydrophilic one.
This trend also persists in cases of flow in grooved- wall
channels, at least in channel region away from the upper
rough wall. We observe decreased thermal conductivity
values in channel layers adjacent and inside the grooves.
This is attributed to fluid atom trapping inside the grooves,

Fig. 8 Thermal conductivity in layer average value. Dotted lines are
guide to the eye. Values shown in reduced LJ units o2 / kBy/m/e

as fluid atom velocities slow-down at this region resulting
lower heat transfer. A ribbed-wall channel presents asym-
metry in thermal conductivity profiles, with hydrophobic
values being slightly larger compared to hydrophilic. In
this case, it seems that the effect of the ribs is more impor-
tant than that of wall wettability.

If we consider channel average thermal conductivity val-
ues (see Table 2), we conclude that flows over hydropho-
bic walls (at least in the range examined here) enhance heat
transfer compared to flows over hydrophilic walls. Moreo-
ver, a ribbed-wall channel presents greater A, values com-
pared to flat- and grooved-wall channels.

4 Conclusions

Nanoscale MD simulations were performed for channels
with various roughness patterns and wall/fluid interactions
in order to extract flow and transport properties of a simple
monoatomic liquid. The most important findings are:

Table 2 Average channel thermal conductivity, in reduced LJ units o2 / kB\/m/e

Flat 0.5 Flat 1.5

Rib 0.5

Rib 1.5 Groove 0.5 Groove 1.5

Jch 2.83 2.56 2.55

2.38 2.84 2.76
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Fluid number density for ribbed- and grooved-wall
channels presents similar ordering, indicating that
groove orientation does not affect number density.

The presence of grooves on channel walls slows down
velocity values, however, flows over a ribbed-wall
channel present greater velocity values compared to
the grooved-wall channel, which, furthermore, present
velocity profile asymmetry.

Surface slippage is maximized by fluid flow in longitu-
dinal compared to transverse direction of the grooves
and increased wall wettability ratio ¢, / &f.

A hydrophobic surface adds anisotropy in diffusion
coefficient values, no matter if the upper wall is flat or
rough. This anisotropy is calculated about 7-8 % for
hydrophobic walls and 34 % for hydrophilic ones.
Diffusion coefficients do not differ significantly either
in ribbed- or in grooved-wall channel flows.

Due to small values on shear viscosity calculations,
we conclude that flat, hydrophobic walls facilitate
fluid flow, but, in contradistinction, hydrophobic
grooved or ribbed walls present larger shear viscosity
values. Maximum shear viscosity values are obtained
near the rough wall in grooved, hydrophilic nano-
channels.

Thermal conductivity calculations reveal small values
near the channel walls and wall grooves or ribbs and
significantly larger near the channel centerline. Wall
ribs also seem to enhance heat transfer, as depicted
by the increased %,,, values, while thermal conductiv-
ity is decreased in a grooved-wall channel due to fluid
atom sticking inside and near the grooves. In bulk
channel values, flows over hydrophobic walls present
greater A, values compared to flows over hydrophilic
walls.

All above findings can be encapsulated in fluid dynam-

ics theory, for both fundamental research and technologi-
cal guidance, in order to be able to describe in detail fluid
behavior at the nanoscale.
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