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Abstract One of the difficulties in molecular simulation

of pressure-driven fluid flow in nanochannels is to find an

appropriate pressure control method. When periodic

boundary conditions (PBCs) are applied, a gravity-like

field has been widely used to replace actual pressure gra-

dients. The gravity-fed method is not only artificial, but not

adequate for studying properties of fluid systems which are

essentially inhomogeneous in the flow direction. In this

paper, a method is proposed which can generate any

desired pressure difference to drive the fluid flow by

attaching a ‘‘pump’’ to the nanofluidic system, while the

model is still compatible with PBCs. The molecular

dynamics model based on the proposed method is applied

to incompressible flows in smooth nanochannels, and the

predicted velocity profiles are identical to those by the

gravity-fed method, as expected. For compressible flows,

the proposed model successfully predicts the changes of

fluid density and velocity profile in the flow direction,

while the gravity-fed method can only predict constant

fluid properties. For fluid flows in nanochannels with a

variable cross-sectional area, the proposed model predicts

higher mass flow rates as compared to the gravity-fed

method and possible reasons for the difference are

discussed.

Keywords Molecular dynamics � Pressure-driven flow �
Nanochannel � Pressure gradient � Compressible flow �
Variable cross-sectional area

1 Introduction

Fluid flow through nanoporous materials has attracted great

attention in recent years because of its potential applica-

tions in molecular detection, gas storage, membrane sepa-

ration and energy conversion devices (Ajayan et al. 1995;

Liu et al. 1999; Zheng et al. 2003; van der Heyden et al.

2005, 2007). Due to the high surface-to-volume ratio, the

molecular scale boundary characteristics, which are deter-

mined by the fluid–solid interaction, are important in

understanding the behavior of nanoscale fluid flows

(Cieplak et al. 2006). In many cases (Liu and Li 2009;

Takaba et al. 2007; Huang et al. 2007), the fluid flux in a

nanofluidic system deviates greatly from that predicted by

the continuum theory, and the Navier–Stokes equations lose

their validity. Therefore, molecular dynamics (MD) simulations

which are ideally suited to nanosized systems have been widely

used to investigate the nanoscale fluid flow.

One of the difficulties in MD simulations of the pres-

sure-driven fluid flow in a nanochannel is to find an

appropriate pressure control method. Although traditional

pressure control methods such as those developed by

Andersen (1980) and Berendsen et al. (1984) are widely

used in equilibrium MD simulations, these methods are

difficult to be applied in non-equilibrium MD simulations

of pressure-driven flows in which there is a pressure-gra-

dient in the flow direction (Takaba et al. 2007). The most

widely used method to resolve this problem is called

gravity-fed method in which an external gravity-like field

is uniformly applied to the fluidic system, and the particles

are driven by this field (Alexiadis and Kassinos 2008). The

advantages of this method are its simplicity and low-

computational costs. In the gravity-fed method, due to the

periodic boundary conditions (PBCs) applied in the flow

direction, the fluid properties, such as density, at the inlet
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and outlet of the fluid flow are forced to be identical. In

many cases, fluid property variation in the flow direction is

negligible and, hence, the actual pressure gradient can be

replaced by an artificial external field. However, for com-

pressible fluids, such as gases and supercritical fluids, a

small change in pressure may result in large changes in, for

example, density. The application of transport of gases in

nanochannels includes precise delivery of gases, separating

gases, etc., using carbon nanotubes and zeolites (Wang

et al. 1999). With the increase of computational capability,

molecular simulation can be used to study a system with

millions of atoms, which corresponds to a nanochannel

with the length of hundreds of nanometer or even several

micrometers. In this case, the density variation over the

length of channel is non-negligible, and the gravity-fed

method loses its validity. Therefore, the major issue of the

gravity-fed method is that the method is not suitable for

nanoscale fluid flows whose properties vary in the flow

direction (Hanasaki and Nakatani 2006). Furthermore,

replacing an actual pressure gradient with a gravity-like

field in a two- or three-dimensional flow, such as the flow

in a nanochannel with variable cross-sectional areas, may

also be problematic. Hence, it is necessary to develop

an efficient method to generate an actual pressure gradient

for molecular simulation of pressure-driven flows in

nanochannels.

To drive a fluid flow with an actual pressure gradient,

several other methods have been proposed. Heffelfinger

and van Swol (1994) developed a dual control volume

grand canonical molecular dynamics (DCV-GCMD)

method. In the DCV-GCMD method, to produce a chem-

ical potential (or pressure) gradient, a certain number of

grand canonical Monte Carlo steps are conducted to insert

or delete particles in the two control volumes located at

each end of the system. The disadvantage of the DCV-

GCMD method is that the computational cost becomes

prohibitive if it is used to investigate dense fluid systems or

polyatomic molecular systems (Alexiadis and Kassinos

2008). Therefore, the use of the DCV-GCMD method is

limited to low density and simple fluidic systems. Takaba

et al. (2007) developed a pressure control method by using

two fluctuating walls. The two walls behave as a friction-

less piston and push the liquid in the high pressure source

region across a nanopore into a low pressure permeate

region. Using two fluctuating walls, a constant pressure

difference between the inlet and outlet of the nanopore can

be maintained in the simulation. The drawback of this

method is that the majority of fluid particles in the simu-

lation system is in the source or permeate region, while

fluid particles in the pore region which are actually used for

the calculation of transport properties of the fluid flow in

nanopores only account for a small portion. Moreover, the

maximum simulation length is limited by the total number

of fluid particles in the source region. Once all fluid par-

ticles in the source region flow to the permeate region, the

simulation has to stop. Another approach, called fluidized

piston model, was proposed by Hanasaki and Nakatani

(2006). In this model, a fluidized piston region which

includes a particle insertion volume and a fluidized piston

is located at the upstream of the fluid flow and presses the

rest of fluid in the system. PBCs cannot be used with this

approach since Hanasaki and Nakatani found that unreal-

istic interactions can arise when the downstream end is

directly connected to the upstream end. Although this

method also produces actual pressure gradients, the algo-

rithm provided by Hanasaki and Nakatani seems much

more complicated than that of the widely used gravity-fed

method. Hence, the fluctuating wall method and the fluid-

ized piston method are not widely used due to the relatively

high-computational cost or their complexity.

In this work, we propose a method that can generate

desired pressure gradients, and the MD model based on the

proposed method can be used to simulate both compress-

ible and incompressible nanoscale pressure-driven fluid

flows. The method is easy to be implemented and the

computational cost is comparable to that of the widely used

gravity-fed method. The proposed model is applied to fluid

flows in planar nanochannels with different surface wet-

tabilities. In addition, fluid flows in a nanochannel with

sudden expansion (two-dimensional flows) are also inves-

tigated. The simulation results from the proposed model are

compared to those from the gravity-fed method to show the

advantages of the proposed model.

2 MD model

2.1 Generation of a desired pressure difference

To explain the principle of the proposed model, we show in

Fig. 1 a typical nanofluidic system which is used to simulate

a pressure-driven fluid flow in a nanochannel bounded by

two solid walls. As depicted in Fig. 1, the simulation system

contains two regions: one is the pressure-driven flow region

and the other is the ‘‘pump’’ region that generates a constant

pressure difference to drive the fluid flow. PBCs are applied

in the x- and y-directions. In the pressure-driven flow region,

the pressure of fluid gradually decreases in the flow direction

due to the friction of the solid walls. In the pump region, the

pressure increases in the flow direction by applying an

external pump force fpump. To find the appropriate fpump for

generating the desired pressure difference, a control volume

analysis is applied to the volume of fluid in the pump region.

As shown in Fig. 1, the forces acting on the fluid in the pump

region include fpump, the pump force, fw, the force exerted by

solid walls, and fp = (Pin-Pout)A, the pressure force, where
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Pin and Pout denote, respectively, the inlet and outlet pressure

of the pressure-driven flow. Applying the linear momentum

equation to the pump region, the following equation is

obtained at the steady state:

fpump � fw � fp ¼
Z

qv2
xdA

� �
out

�
Z

qv2
xdA

� �
in

ð1Þ

where the subscripts ’out’ and ’in’ represent, respectively,

the outlet and inlet of the pump. Due to the PBC applied in

the x-direction, the outlet of the pump is actually the inlet

of the pressure-driven flow, and the inlet of the pump is the

outlet of the pressure-driven flow. In Eq. 1, q and vx

represent the local average density and the x-component of

local average stream velocity at the inlet or outlet of the

pump region, and A represents the cross-section area. If the

fluid properties are homogeneous in the flow direction,

the two terms on the right side of Eq. 1 cancel each other.

In this case, the pump force fpump is simply

fpump ¼ fw þ fp ð2Þ

At the steady state, the average pressure force fp = (Pin-

Pout)A is determined by (Pin-Pout) which is equal to the

preset desired pressure difference. In the simulation,

therefore, we only need to calculate fw, the x-component of

force exerted by solid walls on fluid molecules within the

pump region at each time step and find the corresponding

fpump according to Eq. 2. Each fw and fpump fluctuates around

a constant value at the steady state. Similar to the MD work

on Poiseuille flow by Nagayama and Cheng (2004), fpump is

applied uniformly to fluid particles in the pump region in the

simulation. After an initial acceleration period, the pump can

generate a constant preset pressure difference using the

aforementioned method.

If the fluid density varies in the flow direction, the two

terms on the right side of Eq. 1 do not cancel each other

and, hence, they need to be taken into account as Eq. 3.

fpump ¼ fw þ fp þ
Z

qv2
xdA

� �
out

�
Z

qv2
xdA

� �
in

� �
ð3Þ

In this case, the local density and velocity of fluid at the

outlet and inlet of the pump region should also be

calculated at each time step to determine the appropriate

fpump for the generation of the desired pressure difference.

In nanochannel flows, the measured stream velocities by

experiments (Holt et al. 2006; Kuang and Wang 2010) are

generally less than 1 m/s. For such low flow rates, the last

two terms in Eq. 3 can be neglected. In most cases, only

when the fluid flow has a high stream velocity (*100 m/s)

and there is a considerable variation (*100 kg/m3) in fluid

density, the last two terms in Eq. 3 become important.

Moreover, the calculation of the last two terms in Eq. 3 is

subjected to a relatively large uncertainty. In the

simulation, therefore, these two terms are not considered

in the initial acceleration period. However, after the fluidic

system reaches an intermediate steady state, the last two

terms in Eq. 3 are taken into account to let the system reach

the final steady state and generate the desired pressure

difference.

2.2 Simulation systems

To show the validity of the proposed model, the simulation

method is applied to a nanofluidic system which consists of

two parallel Ag walls which sandwich a thin film of fluid

Ar, as shown in Fig. 1. Each of the Ag walls is described as

a [1 0 0]-oriented perfect fcc crystal of lengths 64a0 in the

x-direction, 12a0 in the y-direction and 2a0 in the z-direc-

tion, where a0 = 4.086 Å is the lattice constant of Ag

(Lincoln et al. 1967). The channel width h is set to 4 or

6 nm in different simulation cases. The Ag–Ag interaction

is modeled by the Morse potential with parameters

re = 3.13 Å, a = 1.3535 Å-1 and D = 3,775 K (Lincoln

Fig. 1 Schematic diagram of

the proposed method. The

system contains parallel Ag

walls and a fluid Ar thin film.

The Ar thin film is equilibrated

at T = 100 K and

q = 34.22 mol/L with

eAg–Ar = 60 K. PBCs are

applied in the x- and

y-directions

Microfluid Nanofluid (2012) 13:289–298 291
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et al. 1967). The Ar–Ar interaction is modeled by the

Lennard-Jones (LJ) 12–6 potential with parameters

r = 3.41 Å and e = 119.8 K (Maitland et al. 1981). The

LJ potential is also used to simulate the interactions

between Ar and Ag. The parameters rAg–Ar = 3.12 Å and

eAg–Ar = 204 K, which corresponds to a wetting condition

(Yang 2006), are chosen so that the Ag–Ar potential

reproduces the experimental data of adsorption height and

energy for the Ar/Ag system (Unguris et al. 1981). As the

value of solid–fluid binding energy eAg–Ar represents the

degree of surface wettability, the effect of surface wetta-

bility can be studied by varying eAg–Ar from 204 K (wetting

condition) to 60 or 12 K (less-wetting condition). Such a

variation of wetting properties can be accomplished

experimentally by coating surfaces with different kinds of

molecules (Auletta et al. 2004). The cut-off radius for all

interactions is 2.5r. As depicted in Fig. 1, we set the first

12a0-long segment of the fluidic system as the pump

region, and the remaining 52a0-long segment as the pres-

sure-driven flow region. Note that the length of pump

region should not be too small, because the fluid velocity at

the inlet of the pressure-driven flow should not be strongly

correlated with that at the outlet. On the other hand, if the

pump region is too long, the computational cost becomes

higher. To make a compromise, we found that a 12a0-long

pump region is appropriate. All fluid flows considered in

this work are driven by a constant pressure difference of

5 MPa. Hence, the pressure force, fp, in Eqs. 2 and 3 is

fixed at 5(MPa) 9 12a0 9 h. The force exerted by solid

walls in Eqs. 2 and 3 is calculated at each time step by

fw ¼ �
Pfluid

i

Pwall
j fij;x where the first summation is over

all fluid molecules in the pump region and the second

summation is over all solid atoms. The subscript x indicates

the force in the x direction.

To show the advantages of the proposed method, the

fluid flows driven by the same pressure difference 5 MPa

using the gravity-fed method are also investigated for

comparison. When applying the gravity-fed method, the

pump region is removed and only the 52a0-long pressure-

driven flow region is used in the simulation. PBCs are still

applied in the x- and y-directions. A driving force equal to

fp/NAr, where NAr is the total number of Ar atoms in the

system, is applied to each Ar atom at each time step.

In all simulation cases, the whole nanofluidic system is

first equilibrated at the desired temperature and density for

300 ps, and then the driving force is applied to the pump

region (proposed method) or the pressure-driven flow

region (gravity-fed method) for 20 ns to let the system

reach a steady state. Finally, another 80 ns is used for data

collection and averaging. To maintain a stable system, the

Ag atoms in the outmost layers of each solid wall are fixed,

while the Ag atoms in the other three layers of each wall

are free to vibrate. Since thermostating a confined fluid

during the non-equilibrium MD simulation may lead to

significant unpredictable and unphysical material proper-

ties and underlying dynamics (Bernardi et al. 2010), a

Nose–Hoover thermostat (Frenkel and Smit 2002) is

applied to the wall atoms to maintain a desired temperature

(Kannam et al. 2011). In the simulation, the equations of

motion for vibrating wall atoms are coupled with two

Nose–Hoover chains, while no thermostat is applied to the

fluid. The viscous heat generated by the fluid is being taken

away by the constant-temperature wall. All equations of

motions are integrated by the velocity Verlet Scheme. At

the steady state, the mass flow rate is determined by

_mMD ¼
X

mivx;i

.
Lx ð4Þ

where mi represents the mass of fluid atom i, vx,i represents

the velocity of atom i in the x-direction and Lx represents

the length of the pressure-driven flow region. The sum-

mation in Eq. 4 is over all fluid atoms in the pressure-

driven flow region.

3 Simulation results

3.1 Incompressible fluid flows

We first consider fluid Ar at T = 100 K and

q = 34.22 mol/L so that Ar is at the liquid state. For liquid

Ar close to such a state, a 5 MPa variation of pressure can

only change the Ar density by \1%. Hence, the fluid flow

in this case can be safely considered to be an incom-

pressible flow and Eq. 2 is applied to generate a constant

pressure difference. For an incompressible flow, whose

density is constant in the flow direction, the velocity profile

or the flow rate predicted by the proposed model should be

identical to that predicted by the gravity-fed method. In the

simulation, the channel width is set to 4 nm. The initial Ar

structure is arranged with a [1 0 0]-oriented fcc lattice. The

lattice constant is equal to 5.44 Å. The equilibrium Ar

structures in the nanochannel are obtained by immersing a

72a0-long channel in a liquid Ar bath at T = 100 K and

q = 34.22 mol/L. The equilibrated liquid Ar at the center

64a0-long segment is used for the later simulations of

pressure-driven flows. A snapshot of equilibrated liquid Ar

in the case of eAg–Ar = 60 K is shown in Fig. 1. The time

step size used in the simulation is 6 fs.

Each of the proposed method and the gravity-fed

method is applied to the same fluid system. Two surface

wettabilities are considered by setting eAg–Ar to 204 and

60 K. To determine the velocity profile for each case, the

liquid Ar is divided evenly into 12 layers in the z-direction,

and the thickness of each layer is 3.33 Å which is

292 Microfluid Nanofluid (2012) 13:289–298
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approximately equal to r. Due to the long simulation time,

the uncertainties of the calculated velocities are generally

less than 2%. In Fig. 2, we show velocity profiles for

eAg–Ar = 204 K and for eAg–Ar = 60 K. It is seen from

Fig. 2 that the velocity profiles calculated from the pro-

posed method and the gravity-fed method are almost

identical, as expected. The parabolic profile predicted by

the continuum theory is generally preserved in both the

wetting and less-wetting cases. On the other hand, stronger

solid–fluid interactions result in higher viscosity at the

interface region (Nagayama and Cheng 2004). Hence, it is

also found in Fig. 2 that the velocity profile, especially at

the interface region, depends on surface wettability. An

evidence of velocity slip at the less-wetting solid–liquid

interface (eAg–Ar = 60 K) is observed. The slip boundary

condition found in our simulation is consistent with the

findings in extensive literatures (Barrat and Bocquet 1999;

Yang 2006; Li et al. 2010; Kannam et al. 2011).

In addition, we calculate the pressure and density dis-

tribution of fluid in the flow direction. In the calculation,

the channel is divided evenly into 16 segments in the flow

direction. The first 3 segments are in the pump region and

the remaining 13 segments are in the pressure-driven flow

region. The pressure of fluid in each segment is determined

by FAr/AS, where FAr is the total pressure force acting on

the solid wall in the segment, and AS is the surface area of

the solid wall in the segment. In the simulation, FAr is

determined by

FAr ¼
1

2

Xwall

i

Xfluid

j

fij;z

 !

top

�
Xwall

i

Xfluid

j

fij;z

 !

bottom

2
4

3
5 ð5Þ

where the first summation in round brackets is over all

solid atoms in the segment, the second summation is over

all Ar atoms in the fluid, the subscript z indicates, the force

in the z-direction, top and bottom represent top-solid wall

and bottom-solid wall. Note if more segments are selected,

a more accurate pressure distribution along the flow

direction can be obtained. Figure 3 shows the pressure and

density distribution in the case of eAg–Ar = 60 K. The

pressure-driven flow region starts at x = 0 and x \ 0 is the

pump region. The uncertainties of pressure and density are

less than 1% and 0.2%, respectively. It is evident from

Fig. 3 that the pressure increases in the pump region and

decreases in the pressure-driven flow region, and the

pressure difference between the inlet (x = 0) and the outlet

(x & 21.25 nm) is approximately 5 MPa. The proposed

method in fact has some similarity with the method used to

generate temperature differences in a periodic system

(Liang and Tsai 2011). A linear pressure drop is observed

in Fig. 3, which proves that the fluid flow is driven by the

actual pressure gradient. Due to the pressure variation, the

fluid density is slightly changed in the flow direction.

However, the maximum deviation from the average density

is found only about 0.5%. Therefore, the inhomogeneity in

the flow direction induced by pressure gradient is negligi-

ble. In the inset of Fig. 3, the pressure and density distri-

butions obtained from the gravity-fed method are shown. It

is seen that the pressure and density are constant in the flow

direction. Note that the density of the confined liquid Ar,

shown in Fig. 3, is slightly smaller than the density of Ar

in the liquid bath. In the case of eAg–Ar = 60 K, the

Fig. 2 Velocity profiles obtained from the proposed method and the

gravity-fed method for liquid Ar flowing in a 4-nm wide planar

channel. The uncertainty is less than the size of the symbol

Fig. 3 Variations of pressure and density in the flow direction

obtained from the proposed method and the gravity-fed method

(inset) for liquid Ar flowing in a 4-nm wide planar channel with

eAg–Ar = 60 K. The uncertainty is less than the size of the symbol

Microfluid Nanofluid (2012) 13:289–298 293
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solid–liquid binding energy is much smaller than the

liquid–liquid binding energy. The smaller solid–liquid

binding energy results in a relatively smaller Ar density at the

region close to the solid–liquid interface and a relatively

smaller average Ar density.

It is seen in Fig. 3 that the pressure at the inlet of the

pressure-driven flow region is higher than the constant

pressure in the gravity-driven flow, while the pressure at the

outlet of the pressure-driven flow region is lower than the

constant pressure in the gravity-driven flow. The result

indicates that the ‘‘pump’’ attached to the pressure-driven

flow has two effects. (1) The pump force pushes fluid atoms

towards the inlet of the pressure-driven flow region, which

increases the pressure at the inlet. (2) The pump force pulls

fluid atoms away from the outlet of the pressure-driven flow

region, which decreases the pressure at the outlet. Due to

these two effects, a constant pressure difference is achieved

at the steady state, while the average pressure of the pressure-

driven flow is close to the constant pressure in the gravity-

driven flow. To estimate the entrance (or exit) effect at the

inlet (or outlet) of the pressure-driven flow, one can use the

correlation Le/h & 0.06Reh (Schlichting 1979) for laminar

flow where Le represents the entrance length. To evaluate the

Reynolds number Reh, we use q = 1,367 kg/m3 (34.22 mol/

L) for the fluid density, u0 = 3 m/s for the entrance velocity,

h = 4 nm for the channel height and l = 2.26 9 10-4 Pa�s
for the viscosity of liquid Ar which is determined by

employing an equilibrium MD simulation (Liang and Tsai

2010) on a bulk liquid Ar at T = 100 K and q = 34.22 mol/

L. Accordingly, the entrance length Le & 0.0044h &
0.017 nm is much smaller than the total length (&21 nm) of

the channel. The real entrance length may be even smaller

than the above estimated value, because the velocity profile

in the pump region is close to that in the pressure-driven flow.

Therefore, the entrance (or exit) effect can be ignored in the

simulation.

Based on the above comparisons in Figs. 2 and 3, it is

concluded that by applying an actual pressure gradient to a

simple nanoscale fluid flow whose density is almost con-

stant in the flow direction has almost the same effect as by

applying a uniform external field. The total computational

cost of the proposed model is only about 20% higher than

that of the gravity-fed method.

3.2 Compressible fluid flows

We now consider fluid Ar at T = 200 K and

q = 12.50 mol/L so that Ar is at the supercritical state. For

fluid Ar near the supercritical state, a 5 MPa variation of

pressure can cause a considerable change ([20%) in Ar

density (Linstrom and Mallard 2011). Therefore, the den-

sity variation in the flow direction cannot be neglected and

Eq. 3 is applied to generate the desired pressure difference.

The channel width is fixed at 4 nm and eAg–Ar is set to

60 K. A similar method as described in the last section is

used to determine the equilibrium Ar structure in the

nanochannel at the desired temperature and density. The

time step size used in the simulation is 4 fs.

As discussed before, the last two terms in Eq. 3 are not

taken into account in the initial acceleration period. After

15 ns, the system reaches an intermediate steady state, and

the last two terms in Eq. 3 are then included for 5 ns to let

the system reach the final steady state. To calculate the

local density and stream velocity at the outlet and inlet of

the pump region, Ar atoms which are less than 2a0 away

from the inlet or outlet of the pump region are used for data

collection. The local density and velocity used in the cal-

culation at each time step are always averaged from the

data in the previous 500 ps period. Figure 4 shows the

pressure and density variation of the supercritical Ar in

the flow direction at the final steady state. It is seen that the

pressure distribution is similar to that in the aforemen-

tioned liquid Ar flow. An almost linear pressure drop in the

pressure-driven flow region is found. The pressure differ-

ence is equal to the desired value of 5 MPa. On the other

hand, the decrease of density in the flow direction is not

linear, which indicates that the density of confined fluids at

the given supercritical state is not a linear function of

pressure. An over 19% variation in fluid density is found in

the flow direction. As shown in the inset of Fig. 4, such a

variation of density is not seen in the gravity-fed method.

According to the conservation of mass, the decrease of

fluid density in the flow direction will result in the increase

of velocity in the flow direction. Therefore, we divide the

52a0-long pressure-driven flow region evenly into four

Fig. 4 Variations of pressure and density in the flow direction

obtained from the proposed method and the gravity-fed method

(inset) for supercritical Ar flowing in a 4-nm wide planar channel with

eAg–Ar = 60 K. The uncertainty is less than the size of the symbol
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segments in the flow direction to see the expected velocity

variation. It is shown in Fig. 5 that a Poiseuille type profile

is obtained from the proposed model and gravity-fed

method for supercritical fluid flows in each segment. The

difference between these two methods is the velocity

obtained from the proposed model, which gradually

increases in the flow direction. Although the mass flow rate

predicted by the gravity-fed method (3.39 ± 0.12 atoms/

ps) is close to that predicted by the proposed model

(3.31 ± 0.04 atoms/ps), the gravity-fed method fails to

predict such an expected velocity variation in the flow

direction. As shown in the inset of Fig. 5, the calculated

velocity profiles in the four segments of the gravity-driven

flow are all identical. From these comparisons, it is verified

that when a fluid flow has a considerable change in density

in the flow direction, it is inappropriate to replace an actual

pressure gradient by a gravity-like field.

In fact, if the precise control of the pressure difference

between the inlet and outlet is not required, one can simply

use Eq. 2 in the simulation to generate a pressure differ-

ence which does not deviate too far from the desired value.

In this case, the real pressure difference generated by the

pump can be determined by an approach developed by

Todd et al. (1995).

3.3 Nanochannels with variable cross-sectional area

Most nanochannels have a certain degree of surface

roughness. The surface roughness may considerably

change the cross-sectional area of a nanochannel in the

flow direction. Experimental studies have shown that

surface roughness can significantly affect the transport

properties of nanoscale fluid flows (Zhu and Granick

2002). We now consider liquid Ar at T = 100 K and

q = 34.22 mol/L flowing in a nanochannel with sudden

expansion in the flow direction. As shown in Fig. 6, the

length of the pressure-driven flow region is still 52a0, and

the length of the pump region is 12a0. In the center of the

pressure-driven flow region, there is a 16a0-long, 4a0-deep

sudden expansion between the two solid walls. The

width of the channel at the inlet and outlet is 6 nm. Two

surface wettabilities, eAg–Ar = 204 K (wetting case) and

eAg–Ar = 12 K (less-wetting case), are considered. A sim-

ilar method as described in the previous section is used to

equilibrate Ar atoms in the nanochannel at the desired

temperature and density. Equation (2) is then used to

determine the appropriate pump force fpump for the gener-

ation of the desired pressure difference 5 MPa. To verify if

the desired pressure difference is really achieved, the

x-component of the force acting on the solid walls by the

Ar atoms in pressure-driven flow region is calculated. At

the steady state, the calculated force should be equal to the

pressure force 5 MPa 9 A where A is the inlet or outlet

cross-sectional area. When the calculated force is divided

by A, it is found that the value is equal to the preset

pressure difference 5 MPa with the discrepancy\0.6% for

the wetting and less-wetting cases. Hence, the proposed

model is valid for investigating a pressure-driven flow in

a nanochannel with variable cross-sectional area in the

flow direction. A two-dimensional flow is expected in this

case. The gravity-fed method replaces the actual pressure

gradient with an artificial uniform external field. For

two-dimensional flows, the validity of such a method is

questionable.

At the steady state, the two-dimensional velocity dis-

tributions in the pressure-driven flow region for the wetting

and less-wetting cases are shown in Fig. 7. The velocity

averaging is done by employing rectangular prism bins

with a size of 2r in the x-direction, 12a0 in the y-direction

Fig. 5 Variations of velocity profile in the flow direction obtained

from the proposed method and the gravity-fed method (inset) for

supercritical Ar flowing in a 4-nm wide planar channel with

eAg–Ar = 60 K. The uncertainty is less than the size of the symbol

Fig. 6 A snapshot of liquid Ar flowing in a 6-nm wide channel with a

16a0-long, 4a0-deep sudden expansion in Ag solid walls and

eAg–Ar = 204 K. PBCs are applied in the x- and y-directions. z1, z2

and z3 denote, respectively, the center of channel in the z-direction,

the location 1.5 nm from z1 and the location 0.5r from the surface
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and r in the z-direction. For both wetting and less-wetting

cases, it is found that the velocity profile at the inlet of the

pressure-driven flow region is identical to that at the outlet.

Therefore, the last two terms in Eq. 3 do not need to be

considered in the simulation. Variation of velocity profiles

is only observed in the region close to the 16a0-long

expansion region. Similar velocity distributions are also

obtained by applying the gravity-fed method to the 52a0-

long pressure-driven flow region. Figure 8 shows the

variations of the x-component velocity in the flow direction

and in the z-direction. The results from the gravity-fed

method (scatters) are compared to those from the proposed

model (lines) in Fig. 8. In Fig. 8a and c, the variations of

velocity at three locations along the channel are shown,

where z1, z2 and z3 denote, respectively, the center of the

channel in the z-direction, the location 1.5 nm from z1 and

the location 0.5r from the surface as depicted in Fig. 6.

Figure 8b and d show, respectively, the variations of

velocity with z-coordinate at the center and at the inlet (or

outlet) of the pressure-driven flow region.

Due to the strong attraction between Ag and Ar in the

wetting case, the local stream velocity at the surface (z3) is

almost zero as shown in Fig. 8a. When the liquid Ar at z3

flows into the expansion region, the Ar–Ar interaction,

whose attraction strength is weaker, dominates the motion

of Ar atoms. Accordingly, the liquid Ar at z3 has a higher

stream velocity in the expansion region. On the contrary, a

large velocity slip at surfaces in the less-wetting case is

found in Fig. 8c. Since the Ar–Ar attraction strength is

much stronger than that of Ag–Ar in the less-wetting case,

the liquid Ar at z3 has a lower stream velocity in the

expansion region. It is seen in Fig. 8c that the decelerating

process has already started before the liquid Ar at z3 enters

the expansion region. According to the conservation of

mass, therefore, the stream velocity at each of the locations

z1 and z2 slightly increases before the liquid Ar enters the

expansion region. At the center of the expansion region, as

shown in Fig. 8a and c, the liquid Ar at each of z1 and z2

always has a lower stream velocity due to the increase of

the cross-sectional area. From the aforementioned analysis

one can see that the stream velocities in the expansion

region are affected by the solid–liquid interaction relative

to the liquid–liquid interaction. Although the strength of

solid–liquid interaction also affects the density of fluid in

Fig. 7 Two-dimensional

velocity distributions of liquid

Ar flowing in a 6-nm wide

channel with a sudden

expansion in solid walls.

a eAg–Ar = 204 K (wetting);

b eAg–Ar = 12 K (less-wetting)
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the interface region, the difference between the density of

fluid in the interfacial region and the fluid density in the

expansion region is less than 25% in the simulation.

Therefore, the effect of density variation on the change of

stream velocity in the flow direction is much smaller than

the effect of solid–liquid interaction strength.

In the wetting case, it is seen in Fig. 8a and b that the

velocity distribution calculated by the gravity-fed method is

close to that by the proposed model. The only difference is that

the velocity obtained from the gravity-fed method is slightly

smaller than that from the proposed model. The mass flow rate

predicted by the proposed model is 1.264 ± 0.023 atoms/ps,

which is about 6.7% higher than 1.185 ± 0.028 atoms/ps

predicted by the gravity-fed method. In the gravity-fed

method, a constant external force fp/NAr, where NAr is the total

number of Ar atoms in the system, is applied to each Ar atom

in the fluid. Some forces applied to the atoms at the edge of the

expansion region are balanced by the force from the solid

walls, especially the vertical walls. In this case, applying

external forces with the same magnitude seems to be not

reasonable. To further explain the problem in the gravity-fed

method, we consider an extreme case where the pressure

difference is the same, but the depth of the expansion region is

much larger than 4a0. In this case, NAr becomes much larger

and a large number of Ar atoms are located in the expansion

region. The driving force applied on Ar atoms, deep in the

expansion region, has a little effect on increasing the flow rate.

Accordingly, the total external force which really has effects

on driving the flow decreases. Therefore, it is reasonable to

find that the gravity-fed method predicts a lower flow rate.

Such a difference becomes more evident at the less-wetting

case in which the flow rate is much greater. As shown in

Fig. 8c and d, the gravity-fed method predicts lower velocities

as compared to the proposed model. In the less-wetting case,

the mass flow rate predicted by the proposed model is

6.223 ± 0.032 atoms/ps, which is about 15% higher than

5.417 ± 0.046 atoms/ps predicted by the gravity-fed method.

4 Conclusions

A method to generate a constant pressure difference

between the inlet and outlet of the flow is achieved by

attaching a constant pressure ‘‘pump’’ to the nanofluidic

Fig. 8 Velocity distributions in

the x-direction (a wetting and

c less wetting) and in the

z-direction (b wetting and d less

wetting). Results from the

proposed method are shown

with lines, while scatters are for

the gravity-fed method. The

uncertainties of the calculated

velocities are ±0.12 m/s in

a and b and ±0.29 m/s in c and d
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system. An efficient MD model based on the proposed

method has been developed for the molecular simulations

of pressure-driven nanochannel flows. The simulation

results explicitly show that the proposed model has

advantages over the widely used gravity-fed method, which

is not suitable for nanoscale fluid flows, whose properties

vary along the flow direction. For pressure-driven fluid

flows in a nanochannel with sudden expansion, the simu-

lation results indicate that the proposed model predicts a

higher mass flow rate as compared to the gravity-fed

method. The proposed method is easy to be implemented,

and the computational cost is comparable to that of the

gravity-fed method. The current model can be readily

extended to more complex nanofluidic systems, such as

water flow in carbon nanotubes which comprises poly-

atomic molecules of practical interest.
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