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This paper presents influences of roughness components with the spherical shape on the 10 

million Argon atoms flowing inside the microchannel, under boiling condition using 

molecular dynamic simulation method. Microchannels are with cubic perspective in size of 

10000*5000*5000 A
3
 with roughened and smooth surfaces to be comparable in results by 

statistical method. Constant boiling temperature of 108 K is fixed in walls of microchannels 

to be transferred on the Argon fluid atoms are enforced at the inlet region of microchannels 

by different external driving forces in the range of 0.002 to 0.02 eV/Angstrom. A statistical 

approach is employed to analyses the effects of external force on the roughened and smooth 

surfaces. Finally, it is concluded that the spherical shape of roughness elements brings no 

destructive effect on the flow behavior when the external driving force is in the range of 

0.002 to 0.01 eV/Angstrom. Therefore, preparing smooth surfaces by removing this type of 

roughness elements can be accounted as the wasted cost for real usage suchlike 

pharmaceutical microprobes to eradicate maladaptive or diseased cells of liver, prostate, lung 

and oral cancers.  

 

Keywords: Microchannel, External force effects, Spherical roughness, MDS Method  

 

Nomenclature 

Fij       Intermolecular force on molecule i by molecule j 

Fext     External applied force 

m        Molecule mass 

rc        Cutoff  distance 

rij        Position between molecules i and j 

T         Temperature 

Vi        Velocity of molecule i 

Nbin     Number of bins 

Natom   Number of atoms 

kB       Boltzmann Constant  

a         acceleration 

 

Greek symbols 

ε       Energy parameter in Lennard-Jones (LJ) potential 

εs      Energy parameter for solid 

σ      Length parameter of LJ potential 

σs     Length parameter for solid 
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ρ      Density 

ϕ      Interaction potential 

ϕw     Wall potential function 

δ      Delta deviation 

δt     Time step 

∇       Dell Gradient  

 

Subscripts 

f      Liquid 

s      Solid 

c      Cut off 

i       ith 

w     Wall 

t       Time 

Ar    Argon fluid 

Pt      Platinum 

 

1- Introduction 

Generally, the CFD method with Euler & Navier–Stokes formulation is the known tool for 

flow simulation. Although, for flows tiny systems, the continuum pattern credit is not 

authentic [1]. So, the MD method [2] is replaced. Molecular Dynamics (MD) is a computer 

simulation method to excavate the physical translocations of particles. The particles are 

allowed to interact for appropriated time, giving a view of the dynamic evolution of the 

system. Newton’s formula of motion is the basis of the molecular dynamics simulation 

method. It means that acceleration of particles into the system is determined by knowledge of 

applied force on particles. Then, integration of the motion formulation can describe the 

position, velocity, and acceleration of the atoms as they vary with time. Molecular dynamics 

simulations are deterministic; once the position and velocity of each particle is determined, 

the system state is estimated at any time in the future or the past. Although MD abilities to 
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compute and anatomize atomistic simulations by 20 billion atoms is demonstrated by 

pioneering work [3, 4], this approach is time-consuming and computationally expensive. 

Therefore, it is reliable only for tiny systems. Nowadays, most of the published papers using 

the MDS method present study on the nanoflows [5-9]. Moreover, fluid flow is mostly 

flowing inside the channel are in nanoscale with the limited number of atoms. Also, atoms 

are mostly in single phase of gas or liquid. Therefore, the statistical approach in present MDS 

study with huge number of Argon atoms, under phase change condition shall be interested in 

the researcher to extend their researches. Because it reduces the gap between theoretical 

activities of previous works to real usage suchlike pharmaceutical microprobes to eradicate 

maladaptive or diseased cells of the body.  

Liakopoulos et al. [10] using molecular dynamics simulation studied the Darcy-Weisbach 

coefficient of nanoflow into circular nanochannel and reported that theoretical form of this 

theory has an acceptable match with the results of MDS study. Cao et al. [11] using 

molecular dynamics simulation method, investigated the influences of surface barriers on the 

Argon gas flow inside Platinum microchannels. Surface roughness geometries were modeled 

in order of triangular, rectangular & sinusoidal waveform. Their simulation showed slipping 

and non-slipping boundary conditions of velocity pertain not only to the Kn number but also; 

it depends on the shape of barriers. Ziarani and Mohammad [12] used molecular dynamics 

method to simulate the turbulent Poiseuille flow in a nanochannel. In this study, different 

types of turbulent external forces were applied to the flow to investigate their effect on total 

energy, kinetic energy, temperature profiles. Their results showed that increasing the amount 

of applied external force lead to an increase in the kinetic energy and total energy of the 

system. Martini et al. [13] using unbalanced molecular dynamics simulation studied the 

molecular mechanisms of slip condition in Couette flow. They employed Nose- Hoover 

Thermostat to control the boundary temperature and reported that slip condition can enhance 
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in the number of slipping particle, which results in increasing length of the slip. They also 

reported that for a large amount of force, the slip length would be a fixed value, which results 

following the results of MD simulation. Kucaba et al. [14] employed using MDS method to 

investigate the flow of water fluid inside a nanochannel with different widths and different 

wall material types. They also considered the physical properties of the material and the 

potential for electrostatic interaction and obtained the velocity and density profiles for their 

different simulations. Their report revealed that slip condition on the nanochannel wall 

surfaces depends on the degree of fluid-wall interaction. Heidarinejad et al. [15] used the 

molecular dynamics method to study the effects of wall force on temperature distribution in 

nanochannels containing argon gas. They concluded that to eliminate the effect of boundaries 

on the results and their independency the channel dimensions in the periodic directions 

should be at least equal with the distance of the gas molecular free path. Liu and Li [16] 

proposed a composite nanochannel system in which liquid Argon was steadily moving under 

the influence of symmetric temperature gradient (thermal creep flow). In their proposed 

system, a composite channel was composed of two parallel wall planes which were consisted 

of two parts, the first part was made of low surface energy, while; the second part was made 

of relatively high surface energy. Using molecular dynamics simulation, they showed that the 

proposed scheme can create a thermal creep. Pengfei et al. [17] studied the evaporation and 

condensation of argon fluid within the copper nanochannel with nine types of surface 

structure, using a molecular dynamics simulation. The evaporation conditions were 

investigated in two stages of accelerated boiling and explosive boiling at 130 and 300 Kelvin, 

respectively. They reported that the arrangement of roughness elements and their interval 

distance are effective parameters for improving heat transfer. Zhang et al. [18], using the 

MDS method, investigated the explosive boiling of Argon fluid inside rectangular 

nanochannel with different height. they reported that increasing the height of the nanochannel 
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causes to increase explosion of argon fluid particles which brings sooner equilibrium state of 

the system. Barisik and Beskok [19] used the MDS method to study the influences of wall 

force on the shear stress distribution in the fluid. They showed that increasing the density 

causes to increase tension between fluid particles. Also, they showed the non-homogeneous 

distribution of vertical stress adjacent walls of microchannel. Barisik and Beskok [20] studied 

the flow of Argon gas in three-dimensional nanochannel using the molecular dynamics 

method. They compared their results with the results of the kinetic theory of gases. Their 

results showed that for finite values of dimensionless parameter β (which is defined as the 

length of the wall force penetration to the channel width), the dynamic similarity method 

between the gas flow in low-pressure conditions and the small dimensions are abolished. 

Bakhshan and Shadloo [21] studied molecular dynamics simulation of the effects of physical 

properties of the surface on the fluid flow behavior inside nanochannel. The results showed 

that the hydrodynamic characteristics of the flow and shear stress of the wall depend on 

roughness and wall dents. Also, the results showed that the roughness on the lower wall have 

a great effect on the velocity and density profiles. Also, the roughness on the lower wall 

increases the shear stress of the lower wall and decreases the shear stress of the upper wall. 

Nourian et al. [22] investigated the effects of nano-channel roughness with cubic and 

spherical forms using MDS. The fluid in their study was Argon, and height of roughness 

component was various. They showed that increasing height the roughness causes to decrease 

density and velocity. Because roughness has a direct impact on the intermolecular forces and 

leads to increase repulsive force and decrease attractive force in the domain of fluid flow is in 

the exposure of roughness element. Isfahani et al. [23] compared the thermal and 

hydrodynamic solutions obtained from the Boltzmann grid model which was developed for 

Argon gas with the result of that by molecular dynamics method in nano dimensions and 

porous media. They suggested a model to increase the accuracy of the solution significantly. 
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They also showed that their model reduces the time of calculations. Rahmatipour et al. [24] 

using molecular dynamics simulation studied the effects of the geometric shape of the 

barriers on the steady Couette flow behavior of Argon fluid inside smooth and roughened 

nanochannels. They reported that increasing channel height reduces the slip velocity of the 

fluid. Also, they showed that the reduction of density on the walls causes to reduce the slip 

velocity. Also, references [25–32] present phase change of Argon fluid into small 

nanochannels and references [33–46] are related to microchannel flows and influences of 

suspending nanoparticle into fluids to empower their properties. 

A literature review indicated that the study of molecular dynamic simulation is limited to the 

small number of particles in nanoflows. Also, the lack of comprehensive study in phase 

change condition with roughness elements effects leads us to present this paper which 

investigates the effect of spherical roughness components on the 10 million Argon atoms 

under boiling condition inside the microchannel. Also, fluid atoms are considered under 

influences of applying external driving forces in wide range to be applicatory for real usage.  

 

2- Simulation method 

Present molecular dynamics simulation was performed by LAMMPS software [47]. 

LAMMPS is abbreviated from Large-scale Atomic/Molecular Massively Parallel Simulator 

which is a molecular dynamics program from Sandia National Laboratories. This software is 

supported by Message Passing Interface (MPI) for parallel communication and is free and 

open-source software, distributed under the terms of the GNU General Public License. In 

other words, it is a widely used free software license, which guarantees end users the freedom 

to run, study, share, and modify the software. LAMMPS employs neighbor lists to keep track 

of nearby atoms. It integrates Newton’s equations of motion for a collection of interacting 

atoms. Sequences of simulations were in order of the following procedure. 
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Two Platinum microchannel with square cross-section were simulated in accordance with 

perspective view as shown schematically in Fig.  1. Dimensions of both microchannels were 

10000*5000*5000 (A°)
3
 in X, Y, and Z directions respectively. Internal surfaces of one of 

them were roughened by spherical roughness elements by the front view in Fig.  1. Then, 

Argon fluid atoms were structured on the surfaces of both microchannels. Argon atoms were 

placed under boiling condition which was prepared by boundary constant temperature of 108 

Kelvin on the walls of both microchannels. Afterward, external driving forces were enforced 

on the Argon atoms in order of 0.002, 0.01 and 0.02 eV/Angstrom in X direction. 

Microchannel height was divided into 2200 bin in Z direction. Structure of atoms was Face 

Center Cubic (FCC) with lattice constant of 5.26 A°. 

  

Fig. 1:  Front & perspective views of roughened microchannel   

 

Roughness barriers were simulated in the arrangement of X: 2000, 4000, 6000 & 8000 A°. 

The dimensions of each of element were 500 and 50 A
3
 in order of diameter and height. 

These dimensions were selected to save on time of running and reduce interference. 

Periodic boundary conditions is applied along X directions while in Y and Z directions are 

non-periodic. 

The interaction of fluids atoms are computerized on the basis of LJ potential function as 

following equation [48, 49]: 
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12 6

( ) 4ij

ij ij

r
r r


 

    
             

          ij cr r  (1) 

 

where ijr  defines the interatomic track from atom i and j and energy parameter was 

introduced by as the depth of the potential well, next cut-off radius is shown by cr which 

was as much as 8.5125 Angstrom. The atomic mass, diameter, and potential depth of Argon 

atoms were defined respectively as m=mf=mAr=39.95 grams/mole, σ=σf=σAr=3.405 A° and 

Ԑ=Ԑf=ԐAr=1.67*10
-21

J. Next, for the Platinum atoms, parameters were accounted as following 

values: atomic mass ms=mpt=195.08 grams/mole, diameter σ s=σpt= 2.475A°, and potential 

depth Ԑs=Ԑpt=8.35*10
-20

J. Also, solid-fluid interactions were computed based on the modified 

L-J equation, pairing with Lorentz–Berthelot equations as following [48, 49]: 

12 6

( ) 4
sf sf

w ij sf

ij ij

r
r r

 
 

    
             

          ij cr r  (2) 

sf s s             2

s f

sf

 



  (3) 

To propagate the system's motion through time, Newton’s second law at the atomic level was 

offered as the gradient of the potential function as below equation [51]. 

 (4) 

2

2

i i
i i

i j

d r dv
m m

dt dt
Fi Fij



    

Then, the temperature is determined by Gaussian distribution as below formula [51]. 

 (5)  

Association of previous functions to integrate the Newton equation was performed by the 

velocity Verlet method as following formulations [50]. 

2

1

1 1 3

2 2

atmN

i B

iatm

m v k T
N 


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( ) ( ) ( )v t t v t a t t     (7) 

( ) ( ) ( )r t t r t v t t     (8) 

Equilibrium state was showed roundabout 200000 time step and computations were 

continued until 1000000 time step. 

 

3- Results and Discussion 

The effect of different external driving forces on the behavior of Argon was studied inside a 

cubic microchannel with ideal & roughened surfaces [52-55]. Also, to draw influences of 

spherical geometry of roughness elements on the flow condition, the results of both 

microchannels were compared. Comparisons are mostly based on the statistical approach. 
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Fig. 2:  Density of roughened microchannel under external force 0.002 eV/Angstrom 
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Fig. 3:  Density of ideal microchannel under external force 0.002 eV/Angstrom 
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Fig. 4:  Density of roughened microchannel under external force 0.01 eV/Angstrom 

Bin Number

D
e

n
s
it
y

(g
ra

m
/c

m
^
d

im
)

500 1000 1500 2000
0 0

0.005 0.005

0.01 0.01

0.015 0.015

0.02 0.02

0.025 0.025250000 Time Step
500000 Time Step
750000 Time Step
1000000 Time Step

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

14 
 

 

Fig. 5:  Density of ideal microchannel under external force 0.01 eV/Angstrom 
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Fig. 6:  Density of roughened microchannel under external force 0.02 eV/Angstrom 
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Fig. 7:  Density of ideal microchannel under external force 0.02 eV/Angstrom 

 

Figs.  2 to 7 present density of Argon flow into smooth & roughened microchannels, which 

are under different external driving forces. For all the above figures, vertical axes are graded 

to indicate density values, versus 2200 bin numbers in horizontal axe. Each figure is included 

four graphs to exhibit results of density at 4 regular time steps of 250000, 500000, 750000 

and 1000000. Figs. 2, 4 & 6 are relevant to roughened microchannel by spherical components 

and Figs.  3, 5, and 7 are belonged to smooth microchannel.  

As can be seen from Figs.  2 and 3, spherical roughness components don't change density 

graphs of ideal surfaces noticeably under exerting the force of 0.002 eV/Angstrom. 

Nevertheless, comparison of these two figures, indicated oscillation in density profiles of 

rough microchannel (see Fig. 2) is higher than that of ideal microchannel (see Fig. 3) at time 
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steps 250000, 500000, and 750000, whereas; at time step 1000000, oscillation of roughened 

microchannel is lower than that of ideal one. On the other side, statistical approach by density 

computation in 2200 bin numbers shows that maximum difference in summation of density in  

800 bins in the middle of both smooth and rough microchannels (between bin numbers 701 

and 1500) is accounted as much as 0.9%. Therefore, it is demonstrated that the roll of 

spherical roughness elements are not important when propulsion force of 0.002 eV/Angstrom 

is exerted on the fluid atoms at the intersection of microchannels. Also, according to Fig. 4 

and Fig. 5, it can be found that increasing external driving forces from 0.002 to 0.01 

eV/Angstrom, brings no significant effect on the density profiles of the rough microchannel. 

Because visual comparison in fluctuations of densities profiles of rough and smooth surfaces 

in Fig. 4 and Fig. 5 is similar to that of Fig. 2 and Fig. 3. But, their maximum difference in 

summation of density values for 800 layers of the central region of smooth and rough 

microchannels is accounted as much as 1.2% at time steps of 250000, 500000 and 750000, 

whereas, it reaches to 5.1% at time step 1000000. It means that physical movement of Argon 

atoms on the roughened surfaces is stronger than that of smooth surfaces at time step 

1000000. Hence, it can be concluded from Figs.  2 to 5 that presence of spherical roughness 

elements on the microchannel surfaces brings no destructive effect when external forces are 

in the domain of 0.002 to 0.01 eV/Angstrom. But, statistical approach indicated that 

increasing external force can change atomic flow structure with increasing time steps due to 

emerging flow turbulences by the increasing contradiction of external force in the X direction 

and thermal driving force of boiling process in Z direction which is supported by constant 

wall temperature of 108 Kelvin. Moreover, increasing external forces on such micro flow, 

simultaneous with the presence of surface roughness can be a sign for the possibility of 

destroying the equilibrium state of system energy in very high time steps.  
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Figs.  6 and 7 shows the effect of propulsion force of 0.02 eV/Angstrom on the density 

graphs of Argon flow into roughened and smooth channels. As is clear from these figures, the 

density profile of the roughened surfaces is not stable at time step 1000000. It means the 

distribution of Argon atoms in the vapor region in the center of the microchannel is not 

consistent, while it is stable and normal for the smooth microchannel in accordance with 

Fig.7. Therefore, spherical roughness elements can destroy regular distribution of atoms 

under normal boiling condition. In fact, the roll of the thermal driving force of boiling 

condition to translocate Argon atoms from lateral layers to central layers is hidden by 

turbulences of the external force of 0.02 eV/Angstrom. Also, comparison of results of fluid 

flow inside both microchannel in summation of density values of 800 layers at time step 

1000000, indicated that presence of roughness barriers causes to reduce density in the central 

region of microchannel as much as 9.2%. It means that barriers prevent from movement of 

Argon fluid atoms to translocate from lateral regions to central region of microchannel. In 

fact, on the one side, under normal condition, atoms can be trapped in interval distance of 

barriers which reduce flow density in the middle section of the channel. On the other side, 

barriers extend contact surface of energy transfer between solid-fluid which enhances flow 

density of the central region of the microchannel. But, turbulences can change the power of 

both effects.  
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Fig. 8:  Velocity of roughened microchannel under different external forces  
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Fig. 9:  Velocity of ideal microchannel under different external forces 

 

Figs.  8 and 9 present velocity graphs of fluid flow into roughened and ideal microchannels 

respectively. Data sampling was done at time step 1000000. Each figure,  exhibit 3 profiles to 

show the effect of applying different external driving forces of 0.002, 0.01 and 0.02 

eV/Angstrom on the velocity of Argon flowing into roughened and ideal surfaces of 

microchannels. For both figures, vertical ax determines velocity values, versus 2200 bins as 

shown in horizontal ax. As can be seen from the above figures, the spherical shape of 

roughness elements is not effective on the velocity profiles, except in the layers are in the 

vicinity of microchannel walls. Because on the roughened surfaces, spherical elements are as 

obstacles to prevents their movements in the x direction, under pressure of external driving 

forces. Therefore they reduce the velocity of flow in lateral layers are in exposure of 
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roughness elements. Calculations in total values of velocities accounted by summation of 

velocity values of 2200 layers of rough and smooth microchannels show reduction as much 

as 1.45%, 0.7% and 1.5% in order of applying external driving forces of 0.002, 0.01 and 0.02 

eV/Angstrom. Hence, adding roughness components on the surfaces of the channel causes to 

reduce average velocity as much as 1.22% which is exactly related to the reduction of 

velocity in lateral layers. Therefore statistical approach demonstrates that a consequence of 

the presence of barriers with spherical shape is not noticeable on the flow velocity for real 

usage suchlike biology and pharmaceutical equipment.  

 

Fig. 10:  Temperature of Argon fluid inside rough microchannel under different external forces  
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Fig. 11:  Temperature of Argon fluid inside smooth microchannel under different external forces 

 

Figs.  10 and 11 present temperatures graphs of flow into rough and ideal microchannels 

under applying different external driving forces in the range of 0.002 to 0.02 eV/Angstrom. 

The data sampling of these results was done at time step 1000000 from temperature values of 

2200 layers. Generally, it is clear from the comparison of Fig. 10 with Fig.  11 that adding the 

spherical shape of roughness component on the smooth surfaces of microchannel bring no 

significant consequence and its only effect is seen in temperature profiles of external forces 

of 0.02 eV/Angstrom. Because in this case, oscillations of the temperature profile of 

roughened surfaces are higher than that of smooth surfaces. Also, the temperature of lateral 

layers of roughened surfaces is lower than that of smooth one due to the effect of roughness 

components in velocity, which is academically convinced by Newton’s second law in 
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molecular dynamic simulation method. Also, the statistical approach shows that roughness 

elements increase the temperature of fluid flow under external forces of 0.002 eV/Angstrom 

around 4%. But, with the enhancement of external driving forces to 0.01 and 0.02 

eV/Angstrom, barriers cause to decline temperature profiles around 2%. It means they 

empower boiling condition due to their role in the enhancement of contact surfaces of energy 

transfer from microchannel walls to Argon fluid atoms. 

 

4- Conclusion 

This paper investigated the effect of applying different external driving forces on the Argon 

atoms, flowing inside microchannel in the presence of barriers with the spherical shape. 

Argon fluid atoms were under boiling flow by constant wall temperature of 108 Kelvin. 

Finally, the results of both microchannels were compared by the statistical approach to find 

following key points: 

 Generally, the spherical geometry of roughness elements does not affect strongly on 

the distribution of Argon atoms in the central section of microchannel when the range 

of external driving is less than 0.01 eV/Angstrom. 

 Applying the external driving force of 0.02 eV/Angstrom in the presence of spherical 

shape of roughness elements can bring so turbulences that reduce noticeably effect 

boiling process in normal distribution of Argon atoms in the middle region of 

microchannel. 

 Adding spherical geometry of roughness elements on the smooth surfaces of 

microchannel result in reduction of average velocity as much as 1.22%. Because they 

are as obstacles to trap atoms and causes to decrease the velocity of flow in lateral 

layers of fluid in the vicinity of microchannel walls.  
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 Presence of spherical roughness element under different external forces causes to 

change temperature profile of fluid flow between 2% to 4% due to the contradiction 

of external force and boiling force. 

 The statistical approach demonstrated that roll of the spherical shape of roughness on 

the flow behavior is not significant when the external force is in the range of 0.002 to 

0.01 eV/Angstrom. Therefore, it is never suggested to invest in removing roughness 

and preparing the ideal surface for practical application. 
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