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Effect of surface roughness on slip flows in hydrophobic and
hydrophilic microchannels by molecular dynamics simulation

S. C. YANG* and L. B. FANG

Department of Mechanical Engineering, ChienKuo Technology University, Changhua 50094, Taiwan, ROC

(Received October 2005; in final form October 2005)

The influences of surface roughness on the boundary conditions for a simple fluid flowing over hydrophobic and hydrophilic
surfaces are investigated by molecular dynamics (MD) simulation. The degree of slip is found to decrease with surface
roughness for both the hydrophobic and hydrophilic surfaces. The flow rates measured in hydrophobic channels are larger
than those in hydrophilic channels with the presence of slip velocity at the walls. The simulation results of flow rate are
correlated with the theoretical predictions according to the assumption of no slip boundary condition. The slip boundary
condition also strongly depends on the shear rate near the surface. For hydrophobic surfaces, apparent fluid slips are observed
on smooth and rough surfaces. For simple fluids flowing over a hydrophobic surface, the slip length increases linearly with
shear rate for both the smooth and rough surfaces. Alternately, the slip length has a power law dependence on the shear rate
for the cases of hydrophilic surfaces. It is observed that there is a no-slip boundary condition only when shear rate is low, and
partial slip occurs when it exceeds a critical level.
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1. Introduction

Hydrodynamic behaviors in microscale and nanoscale

flows are quite different from those in macroscopic

flows. The confined fluids of a nanoscale system are

characterized by large surface-to-volume ratios, so that

the influence of boundary conditions on the flow

becomes significantly important. The applications of

related systems include microfluidic devices, micro-

electro-mechanical systems (MEMS), as well as fluid

flow in nanoporous and in biological systems. It is well

known that fluids flowing along a solid surface can

undergo slip at the wall–fluid interface and the standard

assumptions of the classical continuum theory with a

no-slip boundary condition can break down. The wall

slip can strongly influence the hydrodynamic behaviors

in microscale and nanoscale flows. The phenomena of

wall slip become important when the length scale over

which the fluid velocity changes approaches the slip

length

The parameter of slip length d, is generally

characterized to quantify the degree of slip, which is

defined as the distance beyond the surface where the

fluid velocity extrapolates to zero. The slip length is

expressed as, us ¼ dð›u=›zÞ, where us is the slip

velocity at the surface. ›u=›z is the local shear rate and

the z axis is perpendicular to the surface. From a

theoretical point of view, the parameters controlling the

degree of slip are still largely unknown. The degree of

wall slip is highly dependent on the shear rate, the

solid–fluid interaction energy or the wetting surface and

the surface roughness. Although, in recent years the slip

phenomena for Newtonian fluids have received much

attention by means of experiments [1 – 11] and

simulation [12–19], the understanding of the slip

mechanism remains largely incomplete. Pit et al. [1]

experimentally measured the flow velocity of a New-

tonian fluid near a solid surface by following the

movement of a photobleached test section, demonstrat-

ing that slip depends on both the fluid-wall interactions

and the surface roughness. Zhu and Granick [2] directly

measured the hydrodynamic drainage forces for New-

tonian liquids by surface force apparatus (SFA),

showing that the boundary slip is strongly dependent

on the velocity gradient. Craig et al. [3] measured the

hydrodynamic drainage force for a sphere approaching
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a flat wall in an aqueous Newtonian fluid. They

concluded that the degree of wall slip depends on the

surface approach velocity of the sphere and fluid

viscosity. Tretheway and Meinhart [4] used micro

particle image velocimetry to measure velocity profiles

of water flowing through rectangular glass microchan-

nels, demonstrating a significant fluid velocity near a

hydrophobic surface and no slip for a hydrophilic

surface. Tyrell and Attard [5] and Steitz et al. [11]

experimentally observed the nanobubbles on hydro-

phobic surfaces by atomic force microscopy (AFM),

and concluded that the presence of nanobubbles can

result in significant boundary slip. Since the exper-

imental observation of wall slip is extremely difficult,

numerical simulations based on molecular dynamics

(MD) offer a natural tool to investigate the phenomenon

of slip boundary conditions for simple or polymeric

fluids flowing through the solid surface. Employing MD

simulation, Bocquet and Barrat and Bocquet [14] and

Cieplak et al. [17] explored the dependence of the slip

length on the wettability of the solid surface. They

demonstrated that the slip length is controlled by the

fluid–wall interaction energy and the fluid density

between two solid walls. The relationships between

shear rate and the degree of slip in Couette flow have

been examined by MD simulation for both simple [13]

and polymeric fluids [21]. The simulation results show

that the slip length is shear independent at low shear

rate and increases rapidly at higher shear rate for both

simple and polymeric fluids. Sokhan et al. [19] carried

out simulations of simple fluids undergoing steady-state

poiseuille flow. They demonstrated that the fluid flow in

carbon nanopores was characterized by a large slip

length. However, there have been relatively few studies

to quantify the influence of surface roughness on the

magnitude of slip. Since few surfaces are smooth at the

molecular scale, the influence of surface roughness on

the degree of slip is important [20]. Some experimental

studies have shown that the surface roughness either

increases [6] or decreases [11] the degree of slip. Using

MD simulation, Cottin-Bizonne et al. [18] have shown

that the degree of wall slip is strongly affected by the

surface roughness and is a function of pressure for a

non-wetting patterned surface. They demonstrated that

the slip length is enhanced at a “super-hydrophobic”

state and a no slip boundary condition is found at a

“normal” state. Galea and Attard [22] used MD

simulation to investigate the magnitude of slip length

in a shear flow. They showed that the slip phenomenon

occurred for both smooth and rough surfaces, and that

the degree of slip increased with the surface roughness.

In this study, MD simulation is used to investigate the

hydrodynamic behaviors and the boundary slip phenom-

ena with surface roughness on an atomic scale in

hydrophilic and hydrophobic surfaces. The dependence

of wall slip velocity and flow rate is also investigated in

detail. The simulation results are also compared with

the theoretical predictions.

2. Simulation method

MD simulation is performed to investigate the flow

behaviors and boundary slip of simple fluids in

hydrophobic and hydrophilic microchannels in this

study. Figure 1 shows the geometry of simple fluids

confined between two parallel solid walls. The two

parallel walls are in the x–y plane. The distance between

the first layer of the solid walls Lz ¼ 10s and the lateral

cell dimensions Lx £ Ly ¼ 20s £ 10s. The periodic

boundary conditions are applied in the x and y directions.

For a fluid, the velocity vi and the momentum Pi of

molecule i are given by

vi ¼
pi

m
ð1Þ

_Pi ¼
X
j–i

Fij þ Fe ð2Þ

where m is the mass of the fluid molecule, Fij is the

intermolecular force of molecule i due to molecule j and Fe

is the external driving force. An external force in the x

direction is applied to drive the fluid atoms in the

simulation. The mass of wall molecules, mf, is assumed to

be identical to that of fluid molecules and the equations of

motion for wall molecules are similar to equation (2),

except that the external force is now replaced by the spring

force. For both the fluid and wall molecules, the Lennard–

Jones (L–J) potential function is used to calculate the

intermolecular force. The L – J potential for fluid

molecules is given by

uðrijÞ ¼
41f

sf

rij

� �12

2 sf

rij

� �6
� �

rij # rc

0 rij $ rc

8><
>: ð3Þ

where rij is the distance between particle i and j, 1f

represent the energy parameter, sf is the diameter of fluid

molecular and rc is the cutoff distance, which is equal to

2.5sf. The interaction forces between fluid and wall

Figure 1. Schematic of simple fluids confined between two parallel
solid walls.
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molecules are modelled by another L–J potential, which is

given by

ufwðrijÞ ¼
41fw

sfw

rij

� �12

2cfw
sfw

rij

� �6
� �

rij , rc

0 rij $ rc

8><
>: ð4Þ

where cfw is a convenient parameter that can be varied

to adjust the surface energy. The parameter of wall–

fluid interaction, cfw, varied between 0.5 and 1.0,

corresponding to the contact angle of fluid atoms and

solid walls between u ¼ 140 and 908, which is indicated

as the hydrophobic and hydrophilic surfaces, respect-

ively [15]. The potential parameters 1fw used in the

wall–fluid interaction are the same as the fluid–fluid

interaction 1f. The diameter of solid atoms sw are varied

to adjust the surface roughness, and the wall–fluid

parameter sfw is determined by sfw ¼ (sf þ sw)/2.0,

where sw is the diameter of wall atom. In order to

clearly observe and quantify the degree of slip for a

simple fluid flowing through a microchannel, the fluid

number density is fixed at 0.288 in all the simulations.

The related properties considered in this study are

quoted by the reduced unit of the mass of fluid molecule

mf; the length of fluid molecule sf; and the energy of

fluid molecule, 1f.

The fluid and wall molecules are initially located at

the site of a face-centered cubic lattice. Three layers of

wall atoms represent the solid walls and each atom of

the wall is anchored at its lattice site by a harmonic

restoring force,fharm ¼ ksðri 2 r
eq
i Þ

2=2, where ri is the

position of the wall atom i and r
eq
i is the equilibrium

position. The spring constant is chosen to be ks ¼

3001f=s
2
f : The initial velocities of fluid and wall

molecules are set randomly according to a given

temperature. Both the fluid and wall temperatures were

fixed at T ¼ 1.11f/kB, which is just above the liquid–gas

coexistence region for this model. The equations of

motion were integrated using the fifth-order Gear

predictor–corrector algorithm with a time step of

0.005t, where t ¼ sf

ffiffiffiffiffiffiffiffiffiffiffiffi
mf=1f

p
is the reduced unit of

time. At the beginning, the fluid molecules are allowed

to move without applying external force. After the

thermodynamic equilibrium period of 104t, the external

force Fe ¼ 0.1 is then switched on and the non-

equilibrium simulation starts. The work done by the

external force is partly converted into heat, which

increases the temperature of both the fluid and the wall.

To keep the temperature of the system constant, a

Gaussian isokinetic thermostat is used to adjust the wall

temperature to a constant value at each time step.

3. Hydrodynamics theory

For a planar Stokes flow between two infinite parallel

plates, considering an external force applied to the fluid

atom in the x direction to drive the flow, the equation of

motion in the streaming direction is given by

r
dux

dt
¼ 27·Pþ nFe ð5Þ

where P is the viscous pressure tensor, ux is the

fluid streaming velocity, r is the mass density, n is the

fluid number density and Fe is the external field. For fluids

flowing through microchannels with a external driving

force acting on fluid atoms in streaming direction, the

magnitude of corresponds to the pressure drop, Dp=Lx, as

used in the hydrodynamic theory of Poiseuille flow. With

the assumption of linear constitutive relation relating the

shear stress, the Navier–Stokes equation is given by

m
d2ux

dz2
¼ 2nFe ð6Þ

where m is the shear viscosity and z is the direction normal

to the walls. The boundary conditions with slip occuring at

the walls of plates are given by

uxjz¼h¼ uxjz¼2h¼ uslip ð7Þ

The general solution of equation (6) for Stokes flow is

then given by

ux ¼ 2
nFe

2 �m
ðz2 2 h2Þ þ uslip ð8Þ

where 2h is the distance between the two plates.

Therefore, the volumetric flow rate is calculated by

Q ¼ w

ðh
2h

ux dz ¼
2wh3

3m
nFe þ 2wh·uslip ð9Þ

where w is the width of the parallel plates. The first term,

ð2wh3=3mÞnFe, is the theoretical flow rate with a no-slip

boundary condition, while the second term, 2whu·slip,

represents an additional flow rate associated with the slip

boundary condition.

4. Results and discussions

To investigate the flow behaviors and the dependence of

slip length d on the surface roughness and the attractive

wall-fluid interactions, a series of simulations with

microsized surface roughness are performed in both

hydrophobic and hydrophilic microchannel surfaces. The

effect of surface hydrophobicity is characterized by the

parameter cfw, while the roughness of the interface is

characterized by the parameter sr. The wall roughness

factor, is defined as sr ¼ sw=sf . A value of sr equal to 1.0

indicates a smooth wall surface. To examine the

hydrodynamic behaviors of simple fluids passing through

hydrophobic and hydrophilic microchannels in a steady

state, the long-term average streaming velocity and

density profiles are used to quantify the dynamic

behaviors and the expansion of fluids, respectively. The

computational domain is calculated as a function of z by
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dividing the microchannel into bins of width Dz. The

average streaming velocity in a specified zth bin is given

by uxðzÞ ¼
P

i[zmiuiðtÞ=
P

i[zmi, where mi and ui are the

mass and velocity of the ith atom in the zth bin, and
P

i[z

represents the sum of the fluid atoms occupying zth bin.

Similarly, the local average density profiles of the fluids

are calculated by rðzÞ ¼ NbinðzÞ=Vz, where Nbin(z) is the

number of fluid atoms occupying in the zth bin of volume

Vz. Figure 2 shows the averaged streaming velocity

profiles for simple fluid flowing over hydrophilic and

hydrophobic microchannels with various wall roughness

factors. For a L–J simple fluid molecule, appropriate

parameters values for this system are 1f ¼ 121 K and

sf ¼ 0.34 nm. The external driving force Fe used in these

cases is equal to 0.1. For flow through a hydrophilic

microchannel, the velocities are highest in the middle of

the channel and smoothly decrease to zero near the wall.

This indicates that the no-slip boundary condition is valid

for fluid flowing over a hydrophilic surface as shown in

figure 2(b). However, the velocity profile has significantly

different shapes for a hydrophobic microchannel. The

velocity profile has a finite and apparent slip velocity

measured above the surface. The magnitude of the slip

velocity increases with decreasing the wall roughness

factor sr. In addition, it is observed that the velocity

profiles decrease with sr for both the hydrophilic and

hydrophobic microchannels. Figure 3 shows the density

profiles for a simple fluid flowing over hydrophilic and

hydrophobic microchannels with various wall roughness

factors. As shown in figures 3(a) and (b), there are peak

values near the walls for both hydrophobic and

hydrophilic surfaces indicate the fluids form layers. For

hydrophilic surfaces, a higher attractive force between

fluid and wall molecules induces a higher density layer

adjacent to the walls and smooth density profiles in the

central regime of the channel. In contrast, for hydrophobic

surfaces, the density peak nearest the wall decreases and

the magnitude of density profiles in the center are slightly

increased. The fluid layer structures are also dependent on

Figure 2. Streaming velocity profiles as a function of z with different
values of sr (a) hydrophobic surface (b) hydrophilic surface. The solid
line indicates the quadratic fitting.

Figure 3. Density profiles as a function of z with different values of sr:
(a) hydrophobic surface and (b) hydrophilic surface.
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the roughness of surface. For a smooth surface (sr ¼ 1),

the density profile exhibits a large density oscillations or a

strong density layering within the fluid. As sr increases,

the magnitude of density peak reduces and the fluid layers

are shifted towards the central regime. Figure 4 shows the

variations of flow rates Q as a function of the number

density multiplies by the external driving forces over a

wide range of sr in both the hydrophobic and hydrophilic

microchannels. The theoretical predictions based on a no-

slip boundary condition are also applied for comparison. It

is observed that the flow rates measured on the

hydrophobic surface are larger than those for a hydrophilic

surface condition. At a small value of cfw ¼ 0.5,

corresponding to hydrophobic surface, the weak inter-

action at wall–fluid interfaces reduces momentum

dissipation, resulting in a higher flow rate. However, for

the case where cfw ¼ 1.0, corresponding to the hydrophilic

surface, the attractive interactions between fluid and wall

molecules increase the momentum dissipation, leading to

a reduction of the flow rate. Moreover, for all of the

roughness surfaces tested, the flow rates were found to be

significantly less than the smooth cases for both the

hydrophobic and hydrophilic surfaces. The flow rates in

the hydrophobic microchannel are much larger than the

theoretical prediction of Poiseuille flow solution. In

comparison, the deviations of flow rate in a hydrophilic

surface condition are smaller. Figure 5 shows that the slip

velocity uslip varied with the flow rate Q in hydrophobic

and hydrophilic surfaces. The measured slip velocity is

observed to increase approximately linearly with the flow

rate. It is noted a significant slip velocity is found at high

flow rate, and the slip velocity disappears as the flow rate

below a critical value of Q ¼ 18s3
f =t. This is because the

degree of slip boundary condition is strongly dependent on

slip velocity. When slip velocity is present at the

boundaries, the slip length d is then obtained by fitting

the velocity profiles obtained in the simulation according

to the analytical prediction deduced from the usual Stokes

equation in the bulk fluid, which is given by

›uslip

›z

����
z¼zw

¼
1

d
uslip

����
z¼zw

ð10Þ

where uslip is the tangential velocity at the solid surface

and zw is the wall location. The slip length d as a function

of slip velocity uslip is shown in figure 6. There is a linear

dependence between the slip length and slip velocity. The

slip velocities measured on hydrophobic surfaces are

larger than those of hydrophilic surfaces. When the fluid

molecules approach the hydrophilic surface, the fluid

molecules have a tendency to be absorbed onto the surface

and lose a considerable portion of drift velocity or the

tangential momentum, resulting in the reduction of slip

velocity above the surface. The influences of surface

roughness on the boundary slip are then quantitatively

examined in the following. Figure 7 shows the dependence

of slip length on the surface roughness for both

hydrophobic and hydrophilic surfaces. It can be observed

Figure 5. Slip length d varies with the flow rate Q for hydrophilic and
hydrophobic surfaces.

Figure 4. Flow rate Q as a function of nFe over a wide range of sr: (a)
hydrophobic surface and (b) hydrophilic surface.
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that the magnitudes of slip length in hydrophilic surface

conditions are much smaller than those in hydrophobic

surfaces. The degree of slip length decreases with the

presence of surface roughness for both the hydrophobic

and the hydrophilic surfaces. For hydrophobic surfaces

(cfw ¼ 0.5), a significant boundary slip is found for both

smooth and rough surfaces. However, for intermediate and

hydrophilic surface (cfw ¼ 0.8 and 1.0), the slip boundary

condition is only found on smooth surfaces (sr , 1.0),

and a stick boundary condition is observed on rough

surfaces (sr . 1.0). A large value of sr implies a large

area of fluid–wall interface and a higher friction at the

interface, resulting in a reduction of slip length. In

addition, the fluid molecules flowing over a rough surface

lose more tangential momentum than those flowing over

smoother surfaces, resulting in the reduction of slip

velocity and slip length for both the hydrophobic and

hydrophilic surfaces. Sokhan et al. [23] analyzed the

difference between the molecular velocities before and

after the collisions to determine the Maxwell coefficient of

slip in nanopores. They showed that the slip coefficients

were determined by the fluid–fluid attraction and the

normal pressure in the fluid for different fluid densities. In

the current studies, the variations of the normal pressure to

the surface are not apparent as sr varies. This indicates

that the influence of the normal pressure on the slip length

seems to be not important in these cases. The variations of

slip length as a function of shear rate _g in a logarithm scale

for hydrophobic and hydrophilic surfaces are shown in

figure 8. For hydrophobic surfaces, the simulation results

show that the slip length increases linearly with shear rate

for both the smooth and rough surfaces. The apparent fluid

slip observed at a hydrophobic surface may be due to the

presence of nanobubbles or a low fluid density layer

forming a gap near the solid surface. The nucleation of

bubbles reduces the momentum dissipation between fluid

and wall atoms, resulting in the increase of boundary slip

Figure 6. Slip length d varies with the slip velocity uslip for hydrophilic
and hydrophobic surfaces.

Figure 7. Dependence of slip length on surface roughness for
hydrophobic and hydrophilic surfaces.

Figure 8. Variations of slip length as a function of _g in a logarithm
scale: (a) hydrophobic surface and (b) hydrophilic surface.

S. C. Yang and L. B. Fang976

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



rapidly. In comparison, the slip length exhibits different

shapes for fluid over hydrophilic surfaces. At low shear

rate, the slip length is negative and nearly constant in both

the smooth and roughness surface conditions. This

indicates that the no slip condition is observed for flow

on hydrophilic surfaces at low shear rate. Beyond a critical

shear rate of _g ø 1:0; the slip length is observed to

increase rapidly with _g. The slip boundary condition

model proposed by Navier [24] stated that the slip velocity

at the wall–fluid interface is proportional to the shear rate.

Employing MD simulation, Thompson and Troian [13]

showed that the slip length for Newtonian fluids in Couette

flow had a power law dependence on the shear rate

according to Ls ¼ L
*

sð1 2 _g= _gcÞ
21=2. Following the slip

model proposed by Thompson and Troian, a power

dependence on shear rate of d ¼ Að1 2 _gÞB is fitting to the

simulation data over hydrophilic surface. The values of

parameters A and B are listed in table 1.

5. Conclusion

Using MD simulation, the hydrodynamic behaviors and

slip phenomena of simple fluids flowing over solid

surfaces in a microchannel are examined in this study. The

smooth and rough surfaces at an atomic scale are

considered with either hydrophilic or hydrophobic

boundary conditions. The simulation results show that

the slip boundary conditions strongly depend on both the

attractive wall–fluid interaction, surface roughness and

the shear rate near the surface. The degree of slip is

severely suppressed by surface roughness for both

hydrophilic and hydrophobic surfaces. The degree of

wall slip is also strongly dependent on the shear rate. For a

simple fluid flowing over a hydrophobic surface, the slip

length increases linearly with shear rate for both the

smooth and the rough surfaces. The presence of

nanobubbles or a low fluid density layer on the

hydrophobic surface reduces the momentum dissipation

between fluid and wall atoms, thereby resulting in a

rapidly increase of boundary slip. For the case of a

hydrophilic surface, the no-slip boundary is observed at

low shear rate for both the smooth and rough surface

conditions. Beyond a critical shear rate, the slip length is

observed to increase rapidly.
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Table 1. The values of A and B in the power law dependence
d ¼ Að1 2 _gÞB.

Wall roughness factor sr A B

0.90 1.1353 21.7178
1.00 0.8813 21.4574
1.09 0.8668 20.9909
1.33 0.8021 21.0367
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