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a b s t r a c t 

The viscosity of nanofluidics in the presence of travelling surface wave has been investigated systemati- 

cally by molecular dynamics (MD) simulations in this paper. The travelling surface wave propagating on 

the walls of nanochannel can affect the viscosity of nanofluidics sufficiently. The nanoscale fluid mecha- 

nism in nanochannels has been influenced by both amplitude and frequency of travelling surface wave, 

and the hydrodynamic characteristics have been affected significantly including the degree of boundary 

slip and mass flow rate (MFR). The MD results show that the viscosity of fluid at the nanoscale is an 

increasing function of the amplitude of travelling surface wave, but is reduced dramatically at the ultra- 

high frequency of travelling surface wave. The boundary slip illustrates the same trend as the variation of 

nanofluidic viscosity. For the mass flow rate, it depends on both the apparent viscosity of fluid and slip 

length at the boundary. Usually the viscosity and slip length are both independent on the pressure gradi- 

ent, but are enlarged as the increment of pressure gradient in the presence of travelling surface wave. In 

contrast, when the travelling surface wave propagates on the walls of nanochannel, the mass flow rate is 

reduced as the pressure gradient increases. It has also been found that the viscosity, slip length and mass 

flow rate are influenced easily by the travelling surface wave on the hydrophobic surface (weak fluid-wall 

interaction). In addition, the stress distribution of fluid across the nanochannel has been shown, which in- 

dicates that the averaged total stress has been decreased under the condition of travelling surface wave. 

It can be concluded that our results provide the apparent viscosity of nanofluidics and hydrodynamic 

characteristics in the presence of travelling surface wave. 

© 2017 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Fast development and wide applications of nanotechnologies

have been seen in the past two decades, and further understand-

ing of the mass and momentum transport in nanoscale confine-

ments that are dominated by the large surface area-to-volume ra-

tio (10 6 − 10 9 ) is essential for a variety of applications: DNA pro-

filing, optical filters and display technology, thermal management

of semiconductor elements, and pollution monitoring [1–3] . Due to

the large surface area-to-volume ratio, effects of the wall force field

on liquids confined inside the nanoscale elements are significant,

and the substantially different phenomena are observed, which are

not expected in macroscale. Therefore, it is very necessary to inves-

tigate the nanoscale transport phenomena, and molecular dynam-

ics (MD) simulations have emerged as a powerful tool for probing

the microscopic behaviour of fluids, which can provide an accurate

description of boundary condition at the molecular level and de-

termination of fluid-wall interactions [4–8] . 
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Particularly nanoscale confinements may induce significant

hanges in liquid viscosity. MD results have already indicated the

iscosity dependence on the near-wall liquid distribution and wall

tructures [9–12] . Recently Ghorbanian and Beskok have reported

he scale effects in nanochannel liquid flows [13] , i.e., both chan-

el averaged density and apparent viscosity decrease with the re-

uced channel height, which has competing effects in determina-

ion of the mass flow rate. Density layering and wall force field

nduce deviations from Newton’s law of viscosity in the near-wall

egion. Their findings indicate that the size and wall force field sig-

ificantly affect the hydrodynamics of nanoscale systems. On the

ther hand, experimental studies showed that on further decreas-

ng the gap thickness by a single molecular layer, liquid films can

ndergo an abrupt transition and become a solid-like state in the

ense that they are able to sustain a finite shear stress for macro-

copic times. As a result, the effective rigidity of the films, which

s represented by an effective creep viscosity, can be increased up

o few orders of magnitude at the transition: viscosity may change

ith the confinement [14] . Another important aspect that changes

he hydrodynamics of the nanoscale confinements is the velocity

lip at the liquid-wall interface, which consequently influences the

https://doi.org/10.1016/j.compfluid.2017.10.022
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compfluid
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compfluid.2017.10.022&domain=pdf
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Fig. 1. Snapshot of nanochannel flow in the presence of travelling surface wave (a): channel length L x = 37 σ , L y = 14.3 σ and channel height H = 18 σ . Side view of nanochannel 

flow (b): the travelling surface waves (TSW) propagate on the walls of nanochannel along the positive direction of x axis. White atoms represent the wall atoms, and green 

ones are fluid molecules. The images were created using VMD [23] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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ass flow rate. Previous studies found that the degree of boundary

lip is a function of the liquid viscosity and the shear rate [15] , and

he predicted slip length shows the linear dependence on viscosity

16] . 

In microfluidic biochip engineering, a driving force for driving

icroscale fluid motion has been introduced by employing the sur-

ace waves [17,18] . The key of this novel technology is to make a

icropump that is able to position reagents on the surface of chips

r in microfluidic channels without the mechanical contact. This is

mplemented in terms of the surface acoustic waves (SAW) that

re induced using the radio frequency electric signals. In recent

ears, SAW technologies have attracted a lot of attention in mi-

rofluidics and nanofluidics community: biological/chemical sens-

ng, micro/bioparticle manipulation schemes and on-chip droplet

roduction [19–22] . Our recent findings also indicate that the fast
anofluidics can be induced by travelling surface waves. However,

o the best of our knowledge, the fundamental of how travelling

urface waves influence the viscosity of fluid in nanoscale con-

nements has not been explored, and the new hydrodynamics of

anoscale confinements resulting from the variations of fluid vis-

osity is less understood either. 

In this paper, our purpose is to investigate the effect of trav-

lling surface waves on the apparent viscosity of nanofluidics by

D simulations. The theoretical prediction of the force driven flow

s presented in the next section. MD techniques and the applica-

ion of travelling surface waves are introduced in Section 3 . The

anoscale hydrodynamics of fluid flowing through nanochannels

n the presence of travelling surface waves are investigated in

ection 4 , and the influence of travelling surface waves on the ap-
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Fig. 2. Velocity profiles in the nanochannel in the presence of travelling surface wave: (a) u 0 = 0, i.e., without applying the travelling surface wave; (b) u 0 = 0.01; (c) u 0 = 0.02; 

and (d) u 0 = 0.03. The second-order polynomial relation is used to fit the MD data. 
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parent viscosity of fluid is also shown. The conclusions are drawn

in Section 5 . 

2. Theoretical formation 

A force driven flow has been carried out to investigate the vis-

cosity of fluid in the nanochannel, and the fluid is confined be-

tween two solid planar walls parallel to the xy plane with periodic

boundary conditions imposed along the x and y directions, which

is shown in Fig. 1 (a). The simulated characteristic length, i.e., the

distance between the two plates, reaches H = 18 σ ( σ is the diam-

eter of fluid molecule), which is really comparable with the char-

acteristic size of NEMS devices in engineering situations. The size

of the simulation cell in the x and y directions is L x = 37 σ and

L y = 14.3 σ , respectively. Poiseuille flow is driven by a pressure gra-

dient along the x direction, and is locally fully developed (LFD) to

be laminar with small Reynolds numbers. In the case of the planar

Poiseuille flow of a Newtonian fluid under the constant external

force, the macroscopic hydrodynamics gives a parabolic solution

of the Navier–Stokes (NS) equation. Considering the slip bound-

ary condition, the velocity profile of a LFD flow may be written

as [24] 

u ( z ) = − ρg 

2 μ
z 2 + 

ρgH 

2 μ
z + u s , (1)
here ρ is the density of fluid, μ is the dynamical viscosity, u s is

he slip velocity of fluid on the solid surface, and g is the acceler-

tion factor. The force driven flow is implemented by applying the

cceleration factor to each fluid molecule in our investigation. The

elocity slip can be easily obtained through analysing the velocity

rofile. According to the Navier boundary condition [25] , the slip

ength l s can be calculated by extrapolating the velocity profiles

rom the position in the fluid to where the velocity would vanish

 s = l s 
du 

dz 

∣∣∣
z=0 

. (2)

It should be noted that the wall is located at z = 0. On the basis

f boundary condition given by Eq. (2) , the governing Eq. (1) can

e rewritten as follows 

 ( z ) = − ρg 

2 μ
z 2 + 

ρgH 

2 μ
z + 

ρgH l s 

2 μ
. (3)

If the governing equation is expressed in the form of a second-

rder polynomial relation u ( z ) = a 2 z 
2 + a 1 z + a 0 , one has a 1 = − ρg 

2 μ ,

 2 = 

ρgH 
2 μ and a 0 = − ρgH l s 

2 μ . Therefore, the viscosity of fluid can

e calculated by μ1 = − ρg 
2 a 2 

. Furthermore, following the approach

hat Ghorbanian and Beskok have proposed [13] , the viscosity

f fluid can be estimated as follows. We use the maximum ve-

ocity u max that occurs at the centre of the nanochannel and

nd a coefficient a 2 from u ( z ) = a 2 z ( z − H ) as a 2 = −| 4 u max 
2 | , and
H 
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Fig. 3. Fluid viscosity, slip length and mass flow rate as a function of amplitude of travelling surface wave (a)–(c). In addition, the slip length as a function of the fluid 

viscosity is plotted (d). The second-order polynomial relation is used to fit the MD data. 
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hen calculate viscosity using the same formula μ2 = −ρg/ 2 a 2 as

ther researchers usually do. As a result, we define the appar-

nt viscosity [26] of fluid as the average of the two values. It

an be concluded that the apparent viscosity is predicted using a

arabolic fit to the streaming velocity profile. On the other hand,

he diffusion coefficient for liquid molecules is derived from the

instein diffusion formula [27] , and the viscosity can be calcu-

ated alternatively by the Green–Kubo form [11,28,29] . As the ve-

ocity distribution of fluid flowing through the nanochannel is

nown, the mass flow rate (MFR) can be obtained by integrat-

ng the velocity profile across the nanochannel with respect to

he constant density of fluid ρ and uniform channel width L y as

ollows 

˙ 
 = ρL y 

∫ H 

0 

u ( z ) dz = 

ρ2 gL y H 

3 

12 μ

(
1 + 6 

l s 

H 

)
. (4) 

It can be known that the mass flow rate is proportional to the

lip length, but inversely proportional to the viscosity of fluid. The

ariation of mass flow rate as a function of flow characteristics in

he presence of travelling surface wave will be discussed later. Both

qs. (1) and (4) assume a constant density of fluid, but it should

e noted that the non-uniform distribution of fluid density may be

xpected in the channel and the condensed layer of fluid near the
all could be destroyed in the presence of travelling surface waves

30] . 

. Molecular simulations and travelling surface waves 

The liquid argon is confined in the nanochannel, and argon

olecules interact through a Lennard–Jones (LJ) potential 

 

(
r i j 

)LJ = 

⎧ ⎨ 

⎩ 

4 ε 

[(
σ
r i j 

)12 

−
(

σ
r i j 

)6 
]
, r i j � r c 

0 , r i j > r c 

, (5) 

here r ij is the intermolecular distance, and r c is the cutoff dis-

ance, respectively. The length and energy scales are chosen as

A = 3.405 × 10 −10 m and εA = 1.67 × 10 −21 J. Other simulation pa-

ameters such as the molecular mass m A and natural time unit

can be found in [31] . A leapfrog Verlet algorithm with a time

tep of �t = 0.002 τ is applied to solve the equations of motion.

n addition, we take r c = 2.5 σ and use the cell-linked list method

o reduce the computational time [32] . The equilibrium state of

he fluid is well defined liquid phase characterized by number

ensity ρ = 0.8 σ−3 and temperature T = 1.1 k B / εA , where k B is the

oltzmann constant. The velocity rescaling technique is applied to

all atoms to maintain a constant wall temperature, and the fluid
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Fig. 4. Fluid viscosity, slip length and mass flow rate as a function of frequency of travelling surface wave (a)–(c). In addition, the slip length as a function of the fluid 

viscosity is plotted (d). 
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system is kept at a constant temperature by a Langevin thermo-

stat method in the z direction [33] . The velocity shear rate at the

boundary of nanochannel flow is kept much smaller than the crit-

ical value ˙ γ ∼ ( mσ 2 
AP 

/ ε AP ) 
−1 / 2 , which can guarantee that the slip

length at the boundary is independent of the driving field in our

MD simulations [34] . The region between the two planar walls is

divided into bins along the z direction to obtain running averages

for the fluid properties such as density and velocity. 

Now we focus on the solid walls of nanochannel, each of which

consists of atoms forming two planes of a face-centred cubic (FCC)

lattice. To maintain a well-defined solid structure with a minimum

number of solid atoms, each wall atom is attached to a lattice site

with a spring. Based on the Einstein theory, each wall atom vi-

brates around the FCC lattice site with the Einstein frequency by a

harmonic spring with stiffness κ = 16 π4 k 2 
B 
m θ2 / h̄ 2 , where � is the

Plank constant, m is the mass of a wall atom, and θ = 180 K is the

Einstein temperature [35] . The spring constant is used to control

the thermal roughness of the wall and its responsiveness to the

fluid. The fluid-wall (argon-platinum) interaction is also modelled

with the LJ potential, and is expressed as follows 

 

(
r i j 

)
AP 

= 4 c ε AP 

[ (
σ

r i j 

)12 

−
(

σ

r i j 

)6 
] 

, (6)
n which the constant c is used to control the interaction strength

etween the fluid molecules and wall atoms, i.e., surface wet-

ability, and larger values of c refer to as the stronger interac-

ions between fluid molecules and wall atoms (hydrophilic sur-

ace). The length and energy scales σ AP = 3.085 × 10 −10 m and

AP = 0.894 × 10 −21 J are obtained in terms of Lorentz-Berthelot

ule [27,32] . It should be noted that the MD algorithm presented

ere has been applied to both gas and liquid flows in our previous

orks [25,30,31] . 

In particular, the travelling surface wave is generated and prop-

gates on the walls of nanochannel along the x direction. The per-

urbation to the wall atoms is governed by [36] 

 = u 0 cos ( ωt − kx ) , (7)

here u 0 , ω = 2 π / T and T are the amplitude, frequency and pe-

iod of the travelling surface wave, respectively. Parameter k corre-

ponds to the spatial frequency of the travelling surface wave, and

s related to the wavelength λ by k = 2 π / λ. Since the current MD

nvestigations are focused on the Rayleigh surface-travelling wave

nd its effect on the physical phenomenon of nanoscale flows, the

ongitudinal component of the displacement is given only. More-

ver, the exponential decay of transverse displacement is negli-

ible due to the limited size of nanochannel, resulting that the

erturbation of wall atoms follows the form of travelling surface
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Fig. 5. Fluid viscosity, slip length and mass flow rate as a function of pressure gradients (a)–(c) in the presence of travelling surface wave. Open squares represent the case 

without applying the travelling surface wave, and filled ones represent the case in the presence of travelling surface wave. 

Table 1 

Physical parameters in MD simulations. 

Parameter Symbol Value 

Diameter σ A 3.405 × 10 −10 m 

σ AP 3.085 × 10 −10 m 

Energy εA 1.67 × 10 −21 J 

εAP 0.894 × 10 −21 J 

Mass m A 40 a.u. 

m P 195 a.u. 

Time τ 2.15 × 10 −12 s 

Temperature εA /k B 119.8 K 

Density ρ 0.8 m A / σ A 
3 

w  

r  

t  

i  

l  

q  

L  

a  

T

Table 2 

Influence of bin width on the viscosity of fluid. 

Bin width μ1 μ2 μav 

0.6 1.6 1.3736 1.4 86 8 

0.4 1.4815 1.5423 1.5119 

0.3 1.4815 1.5123 1.4969 

0.24 1.4815 1.5225 1.502 

0.2 1.4815 1.5239 1.5027 

4

 

n  

c  

w  
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fl  
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w  

t  
ave. Importantly imposing the travelling surface wave physically

equires a proper phase velocity, i.e., ωλ/2 π , to guarantee N λ on

he walls, where N is a positive integer. For example, a phase veloc-

ty of 34 4 4 m s −1 is chosen to get 6 λ along with the longitudinal

ength of nanochannel L x = 12.6 nm. It is noted that all dimensional

uantities such as the fluid density ρ and velocity u given by the

J unit in MD simulations will be understood to be multiplied by

n appropriate combination of σ A , εA and m A , which are shown in

able 1 . 
. Results and discussion 

Before we are to determine the viscosity of fluid in the

anochannel, the effect of bin width on the calculation of this

haracteristic has been investigated. To do so, five values of bin

idth have been adopted to compute the viscosity of fluid con-

ned in the nanochannel, and the bin-width dependence of fluid

iscosity is shown in Table 2 . As can be seen in Table 2 , the

uid viscosity is independent on the bin width when it is equal

o 0.3 σ or smaller, and therefore the value of 0.3 σ has been

hosen in our MD simulations. In addition, the density layering

ear the walls of nanochannel cannot be captured exactly if the

in width is greater than 0.4 σ (Results not shown for brevity),

hich will result in the inaccurate estimate of kinetic contribu-

ions to stress tensor [13] . Koplik et al suggested that the num-
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Fig. 6. Fluid viscosity, slip length and mass flow rate as a function of fluid-wall interactions (a)–(c) in the presence of travelling surface wave. Open symbols represent the 

case without applying the travelling surface wave, and filled ones represent the case in the presence of travelling surface wave. 
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ber of bin is usually equal to twice the number of unit cells of

the initial FCC lattice giving a bin width O ( σ ) [37] , which is one

order larger in magnitude than our predicted value. As can be

seen in Fig. 1 (b), the condensed layer of fluid molecules disap-

pears when the travelling surface waves propagate on the walls of

nanochannel, and the motion of fluid molecules near the walls

forms the frame of travelling surface wave in some ways. 

The effect of amplitude of the travelling surface wave on the ve-

locity profiles of fluid flowing through the nanochannel is shown

in Fig. 2 including three values of amplitude, i.e., u 0 = 0.01, 0.02

and 0.03 ( ω = 10, c = 0.25, and g = 0.01). As shown in Fig. 2 , the

average velocity across the nanochannel is increased as the am-

plitude increases. In addition, on the basis of Eqs. (2) and (3) ,

Fig. 3 shows the variations of hydrodynamic characteristics as a

function of amplitude. Fig. 3 (a) indicates that the viscosity of fluid

is an increasing function of the amplitude. As can be seen in

Fig. 3 (b), the slip length of fluid on the walls of nanochannel is also

increased with the increase of amplitude, and is enlarged more

than 10 times at the large amplitude than that without applying

the travelling surface wave. The mass flow rate, however, is de-

creased as the amplitude increases, which is shown in Fig. 3 (c).

According to Eq. (4) , we know that the mass flow rate is propor-

tional to the slip length, but is inversely proportional to the viscos-

ity of fluid. Fig. 3 (c) illustrates that the increase of fluid viscosity

contributes more to the reduction of mass flow rate. Moreover, the
ariation of slip length as a function of the fluid viscosity is shown

n Fig. 3 (d), indicating that the slip length is an increasing func-

ion of fluid viscosity. It had also been reported that the degree of

oundary slip is a function of the liquid viscosity [15] , and the slip

ength shows the predicted linear dependence on viscosity [16] . 

The second aspect is the effect of frequency of travelling surface

ave on the viscosity of fluid, and the range of frequency from

0 to 10 0 0 has been taken into account ( u 0 = 0.01, c = 0.25, and

 = 0.01). Fig. 4 (a) shows the variation of fluid viscosity as a func-

ion of frequency of travelling surface wave. The viscosity of fluid

s not a monotonic function of frequency of travelling surface wave

s found for amplitude in Fig. 3 (a). Instead, the viscosity of fluid

ncreases slightly as the frequency increases and reaches the max-

mum value at ω = 100. Then the viscosity of fluid decreases dra-

atically while the frequency continues increasing. The slip length

hows the same trend as the variation of fluid viscosity, that is,

he boundary slip increases with the increase of frequency until

t reaches its peak at ω = 50, and drops significantly with the in-

rease of frequency, which is shown in Fig. 4 (b). In addition, the

iscosity of fluid is equal to its value without applying the trav-

lling surface wave when the frequency exceeds 500. The influ-

nce of frequency on the mass flow rate is more complicated. As

an be seen in Fig. 4 (c), the mass flow rate increases under the

ow frequency and keeps almost unchanged under the medium fre-

uency. However, the mass flow rate is increased dramatically un-
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Fig. 7. Stress distribution of fluid flow across the nanochannel: (a) without apply- 

ing the travelling surface wave and (b) in the presence of travelling surface wave. 

The red-dotted line represents the total stress averaged within the bins. (For inter- 

pretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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er the ultra-high frequency. The slip length on the surface shows

 monotonic increasing function of fluid viscosity, which is shown

n Fig. 4 (d), and the degree of boundary slip is comparable to that

nder the amplitude of travelling surface wave. 

It is known that the external force driven flow is dependent on

he pressure gradient significantly, and its effect on the viscosity

f fluid in the presence of travelling surface wave seems impor-

ant. As can be seen in Fig. 5 (a), without imposing the travelling

urface wave on the walls of the nanochannel the viscosity of fluid

s independent on the pressure gradient, which indicates that the

uid remains Newtonian. The viscosity of fluid, however, has been

nlarged significantly in the presence of travelling surface wave.

he same variation is found for the slip length of fluid flow on the

alls, which is shown in Fig. 5 (b), i.e., the slip length is increased

ignificantly in the presence of travelling surface wave when the

ressure gradient increases, but is independent on the pressure

radient without applying the travelling surface wave. The varia-

ion of mass flow rate as a function of pressure gradient seems

ore complicated whether the travelling surface waves propagate

n the walls of nanochannel or not. Fig. 5 (c) shows that the mass

ow rate increases slightly with the increase of pressure gradient

n the absence of travelling surface wave, but falls when the pres-

ure gradient continues increasing. On the other hand, the mass

ow rate has been reduced dramatically in the presence of travel-

ing surface wave as the pressure gradient increases. It can be con-

luded again that the mass flow rate in the nanochannel depends

n both the viscosity of fluid and slip length on the wall. 

For small scale phenomena such as the nanochannel flows, the

all force field, i.e., the fluid-wall interaction (FWI), plays an im-

ortant role in the hydrodynamic characteristics [13,31] . In this pa-

er, three magnitudes of fluid-wall interactions are considered, i.e.,

 = 0.25, 0.5 and 1.0 are taken into account ( u 0 = 0.01 and ω = 10),

hich refer to as the weak, medium and strong wetting surfaces,

espectively. As can be seen in Fig. 6 (a), without imposing the trav-

lling surface wave on the walls of nanochannel the viscosity of

uid keeps constant on whatever the solid surface, hydrophobic

weak FWI) or hydrophilic (strong FWI), which indicates the New-

onian behaviour. Moreover, the viscosity of fluid also shows un-

hanged under the medium and strong FWI, but is increased dra-

atically on the hydrophobic surface in the presence of travelling

urface wave. The slip length of fluid on the wall keeps the level

nder the three FWI in the absence of travelling surface wave,

hich is shown in Fig. 6 (b) and consistent with the observation

n Fig. 5 (b). On the other hand, the variation of slip length shows

ore complicated when the travelling surface wave is imposed on

he walls of nanochannel. As shown in Fig. 6 (b), the slip length is

ecreased on the hydrophilic surfaces (medium and strong FWI) as

he pressure gradient increases. However, when the solid surface

ecomes hydrophobic, i.e., the weak FWI, the slip length increases

lightly with the increase of pressure gradient. Combining with ob-

ervations in Fig. 6 (a) and (b), we may conclude that the hydro-

ynamic characteristics of fluid flowing through the nanochannel

n the presence of travelling surface wave could be affected more

ignificantly on the hydrophobic surface. Furthermore, Fig. 6 (c) il-

ustrates that under the condition of the travelling surface wave

ropagating on the walls of nanochannel the mass flow rate is re-

uced dramatically on the hydrophobic surface (weak FWI) with

he increase of pressure gradient, but is affected insignificantly un-

er the medium or strong FWI whether the travelling surface wave

s imposed on the walls of nanochannel or not. 

Investigations of the viscosity of fluid in the nanochannel in-

icate the non-Newtonian behaviour in the presence of travelling

urface wave. In particular the viscosity of fluid is increased signif-

cantly on the hydrophobic surface, i.e., the weak fluid-wall inter-

ction. Therefore, the constitutive relation is more concerned, and

he stress tensor of fluids flowing through the nanochannel has
een computed from the molecular trajectories using the Irving–

irkwood expression as follows [38] 

 = 

∑ 

i 

m i 

(
d x i 

dt 
− u 

)(
d x i 

dt 
− u 

)
+ 

1 

2 

∑ 

i, j 

r i j F i j , (8) 

n which u is the local average velocity and F is the force be-

ween the two molecules. The first term on the right-hand side of

q. (8) is the kinetic component, and the second term is the virial

omponent, respectively. The kinetic term in the Irving–Kirkwood

xpression is related to the ideal-gas law, whereas the particle-

article virial terms are corrections to the ideal gas law because

f the interaction of particles having non-zero volumes and force

elds [6] . Accurate prediction of pressure, and hence, the ther-

odynamic state for liquids require taking into account the long-

ange force field interactions between the particles, i.e., long range

orrections [32] . Fig. 7 (a) shows the stress distribution of fluid flow

cross the nanochannel including the kinetic and virial contribu-

ions in the absence of travelling surface wave. As can be seen

n Fig. 7 (a), the virial component plays an important role in the

tress distribution, and is quite close to the total stress. In contrast,

he kinetic component of stress is increased significantly when

he travelling surface waves propagate on the walls of nanochan-

el, which is shown in Fig. 7 (b), and the resulting total stress is
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smaller than that in the absence of travelling surface wave. The

averaged values of total stress are −0.55 and −0.5 for the two

cases, respectively. It can be explained that the momentum ex-

change has been implemented sufficiently between the fluid and

travelling surface wave resulting in the increase of kinetic compo-

nent of the stress when the travelling surface wave is imposed on

the walls of nanochannel. 

5. Conclusion 

In this paper, we have investigated the viscosity of nanoflu-

idics in the presence of travelling surface wave systematically using

molecular dynamics (MD) simulations. Our MD results showed that

the travelling surface wave propagating on the walls of nanochan-

nel can affect the viscosity of nanofluidics sufficiently, and the

nanoscale fluid mechanism in nanochannels was influenced by

both amplitude and frequency of travelling surface wave. The vis-

cosity of fluid at the nanoscale was an increasing function of the

amplitude of travelling surface wave, but was reduced dramatically

at the ultra-high frequency of travelling surface wave. 

The hydrodynamic characteristics such as the slip length and

mass flow rate (MFR) had also been affected significantly by the

travelling surface wave. The slip length at the fluid- wall interface

showed the same trend as the variation of nanoscale viscosity in

the presence of travelling surface wave. For the mass flow rate,

it was proportional to the slip length, but was inversely propor-

tional to the viscosity of fluid. It was found that the effect of pres-

sure gradient on the viscosity and slip length of the external force

driven flow can be ignored in the absence of travelling surface

wave. However, they were increased as the pressure gradient in-

creased under the condition of travelling surface wave propagating

on the walls of nanochannel. In contrast, the mass flow rate was

a decreasing function of the pressure gradient due to the greater

contribution of nanofluidic viscosity. In nanoflows the wall force

field (fluid-wall interaction) also played an important role, and its

effect on the viscosity, slip length and mass flow rate was found

to be significant on the hydrophobic surface (weak fluid-wall in-

teraction) in the presence of travelling surface wave. Furthermore,

the distribution of stress tensor of fluid across the nanochannel in-

dicated that the averaged total stress was decreased by the mo-

mentum exchange between the fluid and travelling surface wave.

It can be concluded that our results provide the apparent viscosity

of nanofluidics and hydrodynamic characteristics in the presence

of travelling surface wave. 
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