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Abstract  11 

In this paper, the computational method is used to describe the atomic behavior of Fe3O4 12 

nanoparticles size effect on these nanoparticles aggregation phenomena in ideal platinum 13 

nanochannel and in the presence of outer magnetic major. In this work molecular dynamics (MD) 14 

method used and argon atoms described as base fluid. Technically, for the interaction between 15 

base fluid atoms, we used Lennard-jones (LJ) potential, while the nanochannel wall and 16 

nanoparticle structures are simulated. To calculate the atomic behavior of simulated systems, we 17 

report temperature, total energy, and distance of nanoparticles center of mass (COM) and time of 18 

aggregation phenomena. Our MD simulation results show the Fe3O4 nanoparticle size is an 19 

important factor in aggregation phenomenon occur. Numerically, by enlarging the Fe3O4 20 

nanoparticle size, the aggregation time of Al2O3 nanoparticles changes from 1.41 ns to 1.29 ns. 21 

Further, the external magnetic field can be delayed this atomic phenomenon effectively. 22 

 23 

Keywords: Molecular dynamics, Aggregation phenomena, Nanochannel. 24 

 25 

1. Introduction  26 

A nanostructure is a material of intermediate size between molecular and microscopic dimension. 27 

Nanofluid is one of the promising structures in nanotechnology which used in various industrial 28 

applications [1-4]. Technically, a nanofluid is a base fluid containing nanoparticles. These atomic 29 

structures are engineered atomic suspensions of nanostructures in a common base fluid [5-6]. The 30 

nanostructures (nanoparticles) which used in nanofluids are made of metals, metal oxides, and etc. 31 

Further, fluids such as water, oil and other liquid materials used as a base fluid in nanofluid 32 

structure [7]. Nanofluids have a promising properties that make them appropriate in various aims 33 
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such as heat conducting, nanoelectronics, fuel cells, pharmaceutical applications [8-9]. These 34 

structures exhibit good thermal behavior and the optimized heat transfer process rather to the base 35 

fluids [10]. Science of the atomic manner of nanofluids is found to be significant in planning for 36 

heat transfer applications [11-12]. These atomic effect becomes more pronounced as concentration 37 

increases [13]. These nanostructures are firstly used for their optimized thermal behavior as 38 

coolants in heat transfer applications such as heat exchangers, electronic cooling equipment and 39 

so heat transfer over plate has been described by various reports [14-15]. Unlike the many excellent 40 

properties of nanofluids, some bad phenomenon can disrupt their benefits. One of the important 41 

disrupting phenomena is the aggregation of nanostructures in nanofluid mixtures. Previously, 42 

researchers reported the influence of nanostructures size on atomic behavior of common 43 

nanofluids. Nkurikiyimfura et al. [16] showed that nanoparticle aggregation phenomena disrupt 44 

the thermal behavior of nanofluids. Xuan et al. [17] reported the transmission electron micrograph 45 

picture of Cu/H2O nanofluid for the first time. They also done a simulation of nanoparticle 46 

aggregation phenomena in Cu/H2O nanofluid. They showed the irregular displacement of 47 

nanostructures was caused by Brownian motion. Murshed et al. [18] produce nanofluids with 48 

various atomic ratio of TiO2 nanoparticles and used the transmission electron micrograph to 49 

describe the morphology of nanostructures in base fluid. Song et al. [19] proposed a model which 50 

was based on modified population balance model of rheological law to describe the atomic 51 

properties of magnetic nanofluids. Based on their reports, they showed the atomic viscosity of 52 

nanofluids decreased with the aggregates size decreasing. Duan et al. [20] reported the viscosity 53 

value of Al2O3/H2O nanofluids. The gained outcomes express that the viscosity value was higher 54 

than that of nanofluids. In addition to experimental methods, theoretical approaches can be used 55 

to atomic study of various structures [21-24]. Molecular Dynamics (MD) approach is widely 56 

implemented in the atomic and thermal behavior of nanostructures [25-29]. Technically, molecular 57 

systems consist of a vast number of atoms and it is impossible to describe the properties of such 58 

computationally huge structures, analytically. MD simulation solve this problem by using 59 

numerical methods. In this work we use of this computational approach to study of Fe3O4 spherical 60 

nanoparticles size effect on aggregation phenomena occur argon base fluid in presence of various 61 

magnetic field which arises from external source. The result of this innovative simulation can be 62 

used in heat transfer mechanism designing to increase their efficiency. 63 

  64 
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2. Computational method 65 

In our MD study, atoms interact with each other in defined time steps (t = 1 fs) and these atomic 66 

procedure determines the physical properties of them. In our report, all MD simulations were done 67 

via LAMMPS (Large Scale Atomic Molecular Massively Simulator) MD box [30-33]. This MD 68 

simulation package designing began in the 1995 in Sandia and LLNL laboratories. In this package 69 

various materials can be defined by atomic precession. So in this work, total atomic system 70 

simulated as Ar, Pt, Fe, and O atoms with all atoms method perfectly. To simulate atomic 71 

aggregation in Ar/Fe3O4 nanofluid, two Pt plate created as nanochannel in MD simulation box as 72 

shown in Fig. 1. Technically, this atomic structure depicted by Open Visualization Tool (OVITO) 73 

[34]. Further, Initial simulated structures which shown in Fig. 1, designed via Packmol modeling 74 

package [35]. Computationally, in our molecular dynamics simulations, periodic boundary 75 

condition was implemented in x and y directions and fix one used for z direction. NVT ensemble 76 

used in the molecular dynamics simulations to set the initial temperature of atomic systems. This 77 

computational ensemble (NVT) set to 300 K with 0.01 damping rate to reach equilibrium phase of 78 

structures. Time step in MD simulations is another important parameter which affected to 79 

simulation results. In this computational work, 1 fs rate set to each time step.  80 

 81 
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 82 

 83 

Figure. 1. Schematic of a) Ar base fluid, b) Ar/Fe3O4 nanofluid, and c) Pt nanochannel – 84 

Ar/Fe3O4 nanofluid atomic system. 85 

 86 
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Atomic potential is an important parameter in MD simulation approach. To simulate Ar base fluid 87 

and this structure interaction with Pt, Fe, and O atoms, we use Universal Force Field (UFF) [36]. 88 

In UFF, the atomic interactions were described by bonded and non-bonded forces. Non-bond force 89 

between various atoms defined by the Lennard-Jones (LJ) equation (see equation 1). This equation 90 

is a simple formula that describe the atomic force between various particles in MD simulation box. 91 

Historically, John Lennard Jones defined this equation in 1924 as below [37, 38]: 92 

     

12 6( ) 4 [( ) ( ) ]
ij ij

U r
r r

  
                       c

r r                                                                           (1) 93 

In LJ equation (1), σ is the distance at which the potential is 0 and ε is the depth of the potential 94 

well, and rij is the distance between two simulated particles. These physical parameters selected 95 

with type of the atoms in MD simulation box. So, the σ and ε rates for various atoms in our 96 

simulated systems defined from table 1 [36].  97 

 98 

 99 

Table 1. The length scale and energy parameters for LJ interaction in our molecular dynamics 100 

simulations [36]. 101 

Element σ(Å) ε(kcal/mol) 

Ar 3.868 0.185 

Fe 2.912 0.013 

O 3.500 0.060 

Pt 2.754 0.080 

 102 

Further nanochannel wall and nanoparticles in our MD simulations simulated with Embedded 103 

Atom Model (EAM) potential [38]. The EAM potential energy of an atom, i, is expressed by [37, 104 

38]:           105 𝐸𝑖 = 𝐹𝛼(∑ 𝜌𝛽(𝑟𝑖𝑗)) + 12𝑖≠𝑗  ∑ ϕ𝛼𝛽(𝑟𝑖𝑗)𝑖≠𝑗                                                                           (2) 106 

 107 

After determining the appropriate force fields to simulated structures, MD study was fulfilled. 108 

Then, to estimate the atoms evolution in MD simulation box, Newton’s law's in atomic level is 109 

used as the gradient of simulation potential in below equations [39]: 110 
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ij ij

F grad V                                                                                                                                                                                             (4) 112 

From (3) and (4) equations, the atomic momentum 𝑃𝑖 can be defined as below [39]: 113 𝑃𝑖 = 𝑚𝑖𝑣𝑖                                                                                                                           (5) 114 

Further, in common MD approach, Gaussian distribution is used for defining the temperature of 115 

structures that is described by equation (10) [39]: 116 

2

1

3 1 1
2 2

N

B i

iatom

k T mv
N 

                                                                                                                  (6) 117 

Finally, the instantaneous temperature variation is calculated from below equation [39]: 118 𝑇(𝑡) = ∑ 𝑚𝑖𝑣𝑖2(𝑡)𝑘𝐵𝑁𝑠𝑓𝑁𝑖                                                                                                                (7) 119 

In this equation, 𝑁𝑠𝑓 is the degree of freedom of the simulated atomic structures. Finally, according 120 

to the reported descriptions, MD simulations in this computational study carried out as fellow:  121 

Step 1: Ar/Fe3O4 nanofluid was simulated with UFF and EAM force field. For this purpose, atomic 122 

structures temperature is set at 300 K, initially. By set the initial physical properties in our MD 123 

simulation, atomic structures equilibrated for 1 ns. After, atomic structure reached to equilibrium 124 

phase, computational running was continued to 2 ns later.  125 

Step 2: Next, magnetic field inserted to MD simulation package. The atomic structures 126 

equilibrated for 1 ns at 300 K with common nose-hoover thermostat [40-41]. In our MD 127 

simulations the interaction between atoms done for 2 ns. Finally, to describe of Fe3O4 nanoparticle 128 

aggregation phenomena, physical parameters such as: time of aggregation phenomena and distance 129 

of nanoparticles were reported. 130 

  131 

3. Discussion and Results  132 

3.1. Equilibrium Phase of Simulated Structures 133 

In the first step of this simulation, the atomic structure of ideal Pt nanochannel and fluid/nanofluid 134 

was described and accuracy of simulated atoms and used force fields studied. Our molecular 135 

dynamics simulations results displayed the initial coordination of atoms in fluid and nanochannel 136 

that recorded in later studies are adopted with UFF and EAM potentials. In our simulations, the 137 

atomic stability of fluid/nanochannel described by calculation of structures temperature and total 138 
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energy at 300 K. Figures 2 and 3, show the temperature and total energy of simulated base fluid 139 

as a function of molecular dynamics simulation time. From this figure we conclude the atomic 140 

structures temperature and total energy converged after 1 ns. 141 

 142 

 143 

Figure 2. Temperature changes of Ar base fluid as a function of molecular dynamics simulation 144 

time. 145 

 146 

 147 
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Figure 3. Total energy changes of Ar base fluid as a function of molecular dynamics simulation 148 

time. 149 

 150 

In the next, the atomic structure of Ar/Fe3O4 nanofluid and Pt nanochannel was studied. Figure 4 151 

shows the simulated nanofluid with difference size of Fe3O4 nanoparticles (r = 1 nm, 2 nm, and 3 152 

nm). Our MD results showed the initial coordination of atoms in Ar/Fe3O4 nanofluid are adopted 153 

with UFF and EAM potentials. Figure 5 shows the total energy of nanofluids as a function of 154 

nanoparticles radius and MD simulation time. From this figure, we conclude the atomic mixture 155 

total energy converged after 1 ns. Further, the total energy magnitude increased by radius of 156 

nanoparticles enhancing from -785 eV to -999 eV. This atomic behavior shows that, by Fe3O4 157 

nanoparticle adding to base fluid the stability of total structure increases and this atomic structure 158 

show better physical manner in various applications. 159 

 160 
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 161 

 162 

Figure 4. Schematic of the Ar/Fe3O4 nanofluid with metal oxide nanoparticle by a)1 nm, b)2 nm, 163 

and c)3 nm radius. 164 

 165 
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 166 

Figure 5. Total energy changes of Ar/Fe3O4 nanofluid as a function of nanoparticle radius and 167 

MD simulation time. 168 

 169 

3.2. Time Evolution of Simulated Structures 170 

After reaching to equilibration phase of Ar/Fe3O4 nanofluid and Pt ideal nanochannel, outer force 171 

with 0.002 eV/A implemented to simulated nanofluid and micro canonical ensemble used in our 172 

MD simulations for 2 ns. In MD simulations, a micro canonical ensemble is the statistical setting 173 

which used to represent the possible states of an atomic structure that has an exactly specified 174 

energy. The atomic system is assumed to be isolated in the sense and the atomic structure cannot 175 

exchange energy or atoms with its environment, so that the total energy of the simulated structure 176 

remains the same as simulation time goes on.  For time evolution of simulated atomic structure, 177 

we calculate the center of mass (COM [38]) distance between Fe3O4 nanostructures, firstly. From 178 

Figure 6, we conclude the interatomic force between Fe3O4 nanofluid is attractive force. The 179 

distance of these nanoparticles varies from 50.00 Å to 11.01 Å at T=300 K. Further, this atomic 180 

parameter decreases by radius of nanoparticles increasing as reported in Table 2. This atomic 181 

manner of simulated nanofluids arises from increasing of total energy and attraction interaction 182 

between spherical nanostructures. In the next, the magnetic field from external source by equation 183 

(8) implemented to Ar/Fe3O4 nanofluid: 184 
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FB=qvB sin (ωt)                                                                                                                   (8) 185 

In equation (8),  q is atomic charge, v is atomic velocity, B is external magnetic magnitude, ω is 186 

external field frequency and t is the MD simulation time. By implementing of this magnetic force, 187 

the Fe3O4 nanoparticles aggregation phenomena affected. In Table 3 and 4 the distance of 188 

nanoparticles before aggregation phenomena (t = 1 ns) for various simulated structures with 189 

external magnetic field reported. By magnitude of this external field increasing, the aggregation 190 

phenomena of nanoparticles weakened. Further, with frequency increasing identical atomic 191 

manner can be seen and the atomic aggregation phenomenon weakened, too. These atomic 192 

behaviors of Ar/Fe3O4 nanofluid can be used for heat transfer optimization in industrial 193 

applications. 194 

 195 

 196 
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 197 

 198 
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 199 

Figure 6. Time evolution of Ar/Fe3O4 nanofluid with MD simulation time in atomic 200 

aggregation procedure. 201 

 202 

 203 

Figure 7. COM distance of Fe3O4 nanoparticles changes as a function of molecular dynamics 204 

simulation time. 205 

 206 
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Table 2. COM distance of Fe3O4 nanoparticles as a function of nanoparticle radius without 207 

external magnetic field after 1 ns. 208 

Nanoparticle 

Radius (nm) 

COM Distance(Å) 

1 10.22 

2 11.01 

3 11.56 

 209 

Table 3. COM distance of Fe3O4 nanoparticles as a function of nanoparticle radius with external 210 

magnetic field (B=1 and ω=0.1) after 1 ns. 211 

Nanoparticle 

Radius (nm) 

COM Distance(Å) 

1 13.31 

2 12.12 

3 9.41 

 212 

Table 4. COM distance of Fe3O4 nanoparticles as a function of external magnetic field 213 

magnitude and frequency after 1ns. 214 

Magnetic Field 

Magnitude 

Magnetic Field 

Freguency 

COM Distance(Å) 

1 0.1 12.12 

2 0.1 12.81 

3 0.1 13.30 

1 0.2 12.47 

1 0.3 12.52 

 215 

After the first step of our MD simulations (equilibration process of Ar/Fe3O4 nanofluid and Pt 216 

nanochannel), the time of Fe3O4 aggregation phenomena calculated for report the radius of 217 
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nanoparticles effect in atomic aggregation phenomena. The time of aggregation phenomena is 218 

appropriate for analysis of the spherical nanoparticles distribution around other nanoparticle. 219 

Physically, by aggregation time increasing, we can say the attraction force between Fe3O4 220 

nanoparticles decreases and so these atomic arrangements stay away from each other. The 221 

aggregation time of Fe3O4 nanoparticles in base fluid as a function of nanoparticles radius reported 222 

in Table 5. From figure 8 we can conclude the attraction interaction between simulated 223 

nanoparticles increases by radius of spherical Fe3O4 increasing. Numerically, by nanoparticles 224 

radius enhancing from 1 nm to 3 nm the aggregation time of these atomic structures decreases 225 

from 1.41 ns to 1.29 ns. The classic Navier-Stokes approach are usually used for the simulation of 226 

nanofluid flow and heat transfer; however the particle base methods like MD would show better 227 

performance at micro and nano scales levels [42-59]. Based on present work achievements, we 228 

can say the nanoparticle radius variation is an important parameter for using of Ar/Fe3O4 atomic 229 

structure in various industrial applications. 230 

 231 

 232 

Figure 8. Aggregation time of Fe3O4 nanoparticles as a function of nanoparticles radius in 233 

presence of external magnetic field (B=1 and ω=0.1). 234 

 235 

 236 
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Table 5. Aggregation time of Fe3O4 nanoparticles in Ar/Fe3O4 nanofluid as a function of 237 

nanoparticles radius. 238 

Nanoparticle 

Radius (nm) 

Nanoparticle Aggregation 

Time (ns) 

1 1.41 

2 1.33 

3 1.29 

 239 

4. Conclusion 240 

MD method is usually examined for the various types of problems simulations. We use 241 

computational approach to simulate the aggregation phenomena of Fe3O4 nanoparticles in 242 

Ar/Fe3O4 nanofluid in Pt nanochannel; in which the consistent of simulation results and 243 

experimental cases were improved. The computational outcomes from molecular dynamics 244 

simulations are as following: 245 

A. UFF and EAM potentials are the appropriate functions to MD simulation of Ar/Fe3O4 246 

nanofluid. 247 

B. By increasing of Fe3O4 nanoparticles radius in Ar base fluid, the stability of atomic 248 

structures increases. 249 

C. Fe3O4 center of mass distance decreases by MD simulations time passing from 50 Å to 250 

12.12 Å which by external magnetic field increasing. 251 

D. Generally, increasing of Fe3O4 nanoparticle radius increasing cause the aggregation 252 

phenomena occurs in shorter MD simulation time. 253 

E. By enhancing the radius of Fe3O4 nanoparticle radius from 1 nm to 3 nm, the aggregation 254 

phenomena time decreases from 1.41 ns to 1.29 ns. 255 

Finally, we expected, these MD simulations results can be implemented in various industrial 256 

applications such as heat transfer mechanisms; so that thermal conductivity of Ar fluid was 257 

improved by adding nanoparticles. It implies the important roles of nanoparticles concentration 258 

and external magnetic field strength in designing the thermal systems.  259 



 

17 

 

Author Declarations: 260 

Funding: There is no funding for the present article. 261 

 262 

Conflicts of interest/Competing interests: There is no conflict of interest. 263 

 264 

Availability of data and material: The data and material are available and can be presented in 265 

the case of needed. 266 

 267 

Code availability: N/A 268 

 269 

Authors' contributions 270 

Arash Karimipour: Resources; Writing - original draft; Data curation; Supervision 271 

 272 

References 273 

[1] Buongiorno, J. (March 2006). "Convective Transport in Nanofluids". Journal of Heat Transfer. 274 

128 (3): 240–250. 275 

[2] Minkowycz, W., et al., Nanoparticle Heat Transfer and Fluid Flow, CRC Press, Taylor & 276 

Francis, 2013. 277 

[3] Kakaç, Sadik; Anchasa Pramuanjaroenkij (2009). "Review of convective heat transfer 278 

enhancement with nanofluids". International Journal of Heat and Mass Transfer. 52 (13–14): 279 

3187–3196. 280 

[4] Alizadeh, M. R.; Dehghan, A. A. (2014-02-01). "Conjugate Natural Convection of Nanofluids 281 

in an Enclosure with a Volumetric Heat Source". Arabian Journal for Science and Engineering. 39 282 

(2): 1195–1207. 283 

[5] Taylor, R.A.; et al. (2013). "Small particles, big impacts: A review of the diverse applications 284 

of nanofluids". Journal of Applied Physics. 113 (1): 011301–011301–19. 285 

Bibcode:2013JAP...113a1301T. doi:10.1063/1.4754271.  286 



 

18 

 

[6] uongiorno, J. (March 2006). "Convective Transport in Nanofluids". Journal of Heat Transfer. 287 

128 (3): 240–250. doi:10.1115/1.2150834. Retrieved 27 March 2010. 288 

[7] Das, Sarit K.; Stephen U. S. Choi; Wenhua Yu; T. Pradeep (2007). Nanofluids: Science and 289 

Technology. Wiley-Interscience. p. 397. Retrieved 27 March 2010. 290 

[8] Kakaç, Sadik; Anchasa Pramuanjaroenkij (2009). "Review of convective heat transfer 291 

enhancement with nanofluids". International Journal of Heat and Mass Transfer. 52 (13–14): 292 

3187–3196. doi:10.1016/j.ijheatmasstransfer.2009.02.006.  293 

[9] S. Witharana, H. Chen, Y. Ding; Stability of nanofluids in quiescent and shear flow fields, 294 

Nanoscale Research Letters 2011, 6:231. 295 

[10] Chen, H.; Witharana, S.; et al. (2009). "; Predicting thermal conductivity of liquid suspensions 296 

of nanoparticles (nanofluids) based on Rheology". Particuology. 7 (2): 151–157. 297 

doi:10.1016/j.partic.2009.01.005.  298 

[11] Forrester, D. M.; et al. (2016). "Experimental verification of nanofluid shear-wave 299 

reconversion in ultrasonic fields". Nanoscale. 8 (10): 5497–5506. Bibcode:2016Nanos...8.5497F. 300 

doi:10.1039/C5NR07396K. PMID 26763173. 301 

[12] Kuznetsov, A.V.; Nield, D.A. (2010). "Natural convective boundary-layer flow of a nanofluid 302 

past a vertical plate". International Journal of Thermal Sciences. 49 (2): 243–247. 303 

doi:10.1016/j.ijthermalsci.2009.07.015.  304 

[13] Wasan, Darsh T.; Nikolov, Alex D. (May 2003). "Spreading of nanofluids on solids". Nature. 305 

423 (6936): 156–159. Bibcode:2003Natur.423..156W. doi:10.1038/nature01591. PMID 306 

12736681.  307 

[14] Kumar Das, Sarit (December 2006). "Heat Transfer in Nanofluids—A Review". Heat 308 

Transfer Engineering. 27 (10): 3–19. doi:10.1080/01457630600904593.  309 

[15] Nor Azwadi, Che Sidik (2014). "A review on preparation methods and challenges of 310 

nanofluids". International Communications in Heat and Mass Transfer. 54: 115–125. 311 

doi:10.1016/j.icheatmasstransfer.2014.03.002.  312 

[16] Nkurikiyimfura, I, Wang, Y, Pan, Z. Effect of chain-like magnetite nanoparticle aggregates 313 

on thermal conductivity of magnetic nanofluid in magnetic field. Exp Therm Fluid Sci 2013; 44: 314 

607–612.  315 

[17] Xuan, Y, Li, Q, Hu, W. Aggregation structure and thermal conductivity of nanofluids. AIChE 316 

J 2003; 49: 1038–1043. 317 



 

19 

 

[18] Murshed, SMS, Leong, KC, Yang, C. Enhanced thermal conductivity of TiO2-water based 318 

nanofluids. Int J Therm Sci 2005; 44: 367–373.  319 

[19] Song, D, Jing, D, Geng, J, et al. A modified aggregation based model for the accurate 320 

prediction of particle distribution and viscosity in magnetic nanofluids. Powder Technol 2015; 321 

283: 561–569.  322 

[20] Duan, F, Kwek, D, Crivoi, A. Viscosity affected by nanoparticle aggregation in Al2O3-water 323 

nanofluids. Nanoscale Res Lett 2011; 6: 248.  324 

[21] Jolfaei, N. A., Jolfaei, N. A., Hekmatifar, M., Piranfar, A., Toghraie, D., Sabetvand, R., & 325 

Rostami, S. (2019). Investigation of thermal properties of DNA structure with precise atomic 326 

arrangement via equilibrium and non-equilibrium molecular dynamics approaches. Computer 327 

Methods and Programs in Biomedicine, 105169. 328 

[22] Sabetvand, R., Ghazi, M.E. & Izadifard, M. (2020). Studying temperature effects on 329 

electronic and optical properties of cubic CH3NH3SnI3 perovskite. J Comput Electron 19, 70–79. 330 

[23] Sabetvand, R., Ghazi, M. E., & Izadifard, M. (2020). DFT study of electronic and optical 331 

properties of CH3NH3SnI3 perovskite. Energy Sources, Part A: Recovery, Utilization, and 332 

Environmental Effects, 1–13. 333 

[24] Asgari, A., Nguyen, Q., Karimipour, A., Bach, Q.-V., Hekmatifar, M., & Sabetvand, R. 334 

(2020). Investigation of additives nanoparticles and sphere barriers effects on the fluid flow inside 335 

a nanochannel impressed by an extrinsic electric field: A molecular dynamics simulation. Journal 336 

of Molecular Liquids, 114023. 337 

[25] Ghanbari, A., Warchomicka, F., Sommitsch, C., & Zamanian, A. (2019). Investigation of the 338 

Oxidation Mechanism of Dopamine Functionalization in an AZ31 Magnesium Alloy for 339 

Biomedical Applications. Coatings, 9(9), 584. 340 

[26] Ashkezari, A. Z., Jolfaei, N. A., Jolfaei, N. A., Hekmatifar, M., Toghraie, D., Sabetvand, R., 341 

& Rostami, S. (2019). Calculation of the thermal conductivity of Human Serum Albumin (HSA) 342 

with equilibrium/non-equilibrium molecular dynamics approaches. Computer Methods and 343 

Programs in Biomedicine, 105256. 344 

[27] Asgari, A., Nguyen, Q., Karimipour, A., Bach, Q.-V., Hekmatifar, M., & Sabetvand, R. 345 

(2020). Develop Molecular Dynamics Method to Simulate the Flow and Thermal Domains of 346 

H2O/Cu Nanofluid in a Nanochannel Affected by an External Electric Field. International Journal 347 

of Thermophysics, 41(9). 348 



 

20 

 

[28] Zheng, Y., Zhang, X., Soleimani Mobareke, M. T., Hekmatifar, M., Karimipour, A., & 349 

Sabetvand, R. (2020). Potential energy and atomic stability of H2O/CuO nanoparticles flow and 350 

heat transfer in non-ideal nanochannel via molecular dynamic approach: the Green–Kubo method. 351 

Journal of Thermal Analysis and Calorimetry. 352 

[29] Karimipour, A., Jolfaei, N. A., Hekmatifar, M., Toghraie, D., Sabetvand, R., & Karimipour, 353 

A. (2020). Prediction of the interaction between HIV viruses and Human Serum Albumin (HSA) 354 

molecules using an equilibrium dynamics simulation program for application in bio medical 355 

science. Journal of Molecular Liquids, 113989. 356 

[30] Plimpton, S. (1995). Fast Parallel Algorithms for Short-Range Molecular Dynamics. Journal 357 

of Computational Physics, 117(1), 1–19.  358 

[31] Plimpton, S. J., & Thompson, A. P. (2012). Computational aspects of many-body potentials. 359 

MRS Bulletin, 37(05), 513–521. doi:10.1557/mrs.2012.96. 360 

[32] Brown, W. M., Wang, P., Plimpton, S. J., & Tharrington, A. N. (2011). Implementing 361 

molecular dynamics on hybrid high-performance computers – short-range forces. Computer 362 

Physics Communications, 182(4), 898–911. 363 

[33] Brown, W. M., Kohlmeyer, A., Plimpton, S. J., & Tharrington, A. N. (2012). Implementing 364 

molecular dynamics on hybrid high-performance computers – Particle–particle particle-mesh. 365 

Computer Physics Communications, 183(3), 449–459. 366 

[34] Stukowski, A. (2009). Visualization and analysis of atomistic simulation data with OVITO–367 

the Open Visualization Tool. Modeling and Simulation in Materials Science and Engineering, 368 

18(1), 015012. 369 

[35] L. Martínez, R. Andrade, E. G. Birgin, J. M. Martínez. Packmol: A package for building initial 370 

configurations for molecular dynamics simulations. Journal of Computational Chemistry, 371 

30(13):2157-2164, 2009. 372 

[36] Rappe, A. K., Casewit, C. J., Colwell, K. S., Goddard, W. A., & Skiff, W. M. (1992). UFF, a 373 

full periodic table force field for molecular mechanics and molecular dynamics simulations. 374 

Journal of the American Chemical Society, 114(25), 10024–10035. 375 

[37] Daw, Murray S.; Mike Baskes (1984). "Embedded-atom method: Derivation and application 376 

to impurities, surfaces, and other defects in metals". Physical Review B. American Physical 377 

Society. 29 (12): 6443–6453. Bibcode:1984PhRvB..29.6443D. 378 

[38] Lennard-Jones, J. E. (1924), "On the Determination of Molecular Fields", Proc. R. Soc. Lond. 379 



 

21 

 

A, 106 (738): 463–477, Bibcode:1924RSPSA.106..463J. 380 

[39] D. C. Rapaport (1996) The Art of Molecular Dynamics Simulation. ISBN 0-521-44561-2. 381 

[40] Nosé, S (1984). "A unified formulation of the constant temperature molecular-dynamics 382 

methods". Journal of Chemical Physics. 81 (1): 511–519. 383 

[41] Hoover, William G. (Mar 1985). "Canonical dynamics: Equilibrium phase-space 384 

distributions". Phys. Rev. A. 31 (3): 1695–1697. Bibcode:1985PhRvA..31.1695H. 385 

[42] Goodarzi, M., Safaei, M.R., Vafai, K., Ahmadi, G., Dahari, M., Kazi, S.N. and Jomhari, N., 386 

2014. Investigation of nanofluid mixed convection in a shallow cavity using a two-phase mixture 387 

model. International Journal of Thermal Sciences, 75, pp.204-220. 388 

[43] Akbari, O.A., Safaei, M.R., Goodarzi, M., Akbar, N.S., Zarringhalam, M., Shabani, G.A.S. 389 

and Dahari, M., 2016. A modified two-phase mixture model of nanofluid flow and heat transfer in 390 

a 3-D curved microtube. Advanced Powder Technology, 27(5), pp.2175-2185. 391 

[44] Goshayeshi, H.R., Goodarzi, M., Safaei, M.R. and Dahari, M., 2016. Experimental study on 392 

the effect of inclination angle on heat transfer enhancement of a ferrofluid in a closed loop 393 

oscillating heat pipe under magnetic field. Experimental Thermal and Fluid Science, 74, pp.265-394 

270. 395 

[45] Goshayeshi, H.R., Safaei, M.R., Goodarzi, M. and Dahari, M., 2016. Particle size and type 396 

effects on heat transfer enhancement of Ferro-nanofluids in a pulsating heat pipe. Powder 397 

Technology, 301, pp.1218-1226. 398 

[46] Goodarzi, M., Kherbeet, A.S., Afrand, M., Sadeghinezhad, E., Mehrali, M., Zahedi, P., 399 

Wongwises, S. and Dahari, M., 2016. Investigation of heat transfer performance and friction factor 400 

of a counter-flow double-pipe heat exchanger using nitrogen-doped, graphene-based nanofluids. 401 

International Communications in Heat and Mass Transfer, 76, pp.16-23. 402 

[47] Alrashed, A.A., Akbari, O.A., Heydari, A., Toghraie, D., Zarringhalam, M., Shabani, G.A.S., 403 

Seifi, A.R. and Goodarzi, M., 2018. The numerical modeling of water/FMWCNT nanofluid flow 404 

and heat transfer in a backward-facing contracting channel. Physica B: Condensed Matter, 537, 405 

pp.176-183. 406 

[48] Hosseini, S.M., Safaei, M.R., Goodarzi, M., Alrashed, A.A. and Nguyen, T.K., 2017. New 407 

temperature, interfacial shell dependent dimensionless model for thermal conductivity of 408 

nanofluids. International Journal of Heat and Mass Transfer, 114, pp.207-210. 409 

[49] Bahmani, M.H., Sheikhzadeh, G., Zarringhalam, M., Akbari, O.A., Alrashed, A.A., Shabani, 410 



 

22 

 

G.A.S. and Goodarzi, M., 2018. Investigation of turbulent heat transfer and nanofluid flow in a 411 

double pipe heat exchanger. Advanced Powder Technology, 29(2), pp.273-282. 412 

[50] Goshayeshi, H.R., Goodarzi, M. and Dahari, M., 2015. Effect of magnetic field on the heat 413 

transfer rate of kerosene/Fe2O3 nanofluid in a copper oscillating heat pipe. Experimental Thermal 414 

and Fluid Science, 68, pp.663-668. 415 

[51] Alrashed, A.A., Gharibdousti, M.S., Goodarzi, M., de Oliveira, L.R., Safaei, M.R. and 416 

Bandarra Filho, E.P., 2018. Effects on thermophysical properties of carbon based nanofluids: 417 

experimental data, modelling using regression, ANFIS and ANN. International Journal of Heat 418 

and Mass Transfer, 125, pp.920-932. 419 

[52] Esfahani, J.A., Safaei, M.R., Goharimanesh, M., De Oliveira, L.R., Goodarzi, M., 420 

Shamshirband, S. and Bandarra Filho, E.P., 2017. Comparison of experimental data, modelling 421 

and non-linear regression on transport properties of mineral oil based nanofluids. Powder 422 

Technology, 317, pp.458-470. 423 

[53] Gheynani, A.R., Akbari, O.A., Zarringhalam, M., Shabani, G.A.S., Alnaqi, A.A., Goodarzi, 424 

M. and Toghraie, D., 2019. Investigating the effect of nanoparticles diameter on turbulent flow 425 

and heat transfer properties of non-Newtonian carboxymethyl cellulose/CuO fluid in a microtube. 426 

International Journal of Numerical Methods for Heat & Fluid Flow. 427 

[54] Sarafraz, M.M., Safaei, M.R., Tian, Z., Goodarzi, M., Bandarra Filho, E.P. and Arjomandi, 428 

M., 2019. Thermal assessment of nano-particulate graphene-water/ethylene glycol (WEG 60: 40) 429 

nano-suspension in a compact heat exchanger. Energies, 12(10), p.1929. 430 

[55] Arasteh, H., Mashayekhi, R., Goodarzi, M., Motaharpour, S.H., Dahari, M. and Toghraie, D., 431 

2019. Heat and fluid flow analysis of metal foam embedded in a double-layered sinusoidal heat 432 

sink under local thermal non-equilibrium condition using nanofluid. Journal of Thermal Analysis 433 

and Calorimetry, 138(2), pp.1461-1476. 434 

[56] Nazari, M.A., Ahmadi, M.H., Sadeghzadeh, M., Shafii, M.B. and Goodarzi, M., 2019. A 435 

review on application of nanofluid in various types of heat pipes. Journal of Central South 436 

University, 26(5), pp.1021-1041. 437 

[57] Chou, Y.C., 2019. Dynamical mechanism of stepping of the molecular motor myosin V along 438 

actin filament and simulation in an actual system. Physica A: Statistical Mechanics and its 439 

Applications, 521, pp.399-405. 440 

[58] Boonamnaj, P., Paudel, S.S., Jetsadawisut, W., Kitjaruwankul, S., Sompornpisut, P. and 441 



 

23 

 

Pandey, R.B., 2019. Thermal-response of a protein (hHv1) by a coarse-grained MC and all-atom 442 

MD computer simulations. Physica A: Statistical Mechanics and its Applications, 527, p.121310. 443 

[59] Chamberlin, R.V., Mujica, V., Izvekov, S. and Larentzos, J.P., 2020. Energy localization and 444 

excess fluctuations from long-range interactions in equilibrium molecular dynamics. Physica A: 445 

Statistical Mechanics and its Applications, 540, p.123228. 446 

 447 

 448 

 449 

 450 

 451 



Figures

Figure 1

Schematic of a) Ar base �uid, b) Ar/Fe3O4 nano�uid, and c) Pt nanochannel – Ar/Fe3O4 nano�uid
atomic system.



Figure 2

Temperature changes of Ar base �uid as a function of molecular dynamics simulation time.



Figure 3

Total energy changes of Ar base �uid as a function of molecular dynamics simulation time.



Figure 4

Schematic of the Ar/Fe3O4 nano�uid with metal oxide nanoparticle by a)1 nm, b)2 nm, and c)3 nm
radius.



Figure 5

Total energy changes of Ar/Fe3O4 nano�uid as a function of nanoparticle radius and MD simulation
time.



Figure 6

Time evolution of Ar/Fe3O4 nano�uid with MD simulation time in atomic aggregation procedure.



Figure 7

COM distance of Fe3O4 nanoparticles changes as a function of molecular dynamics simulation time.



Figure 8

Aggregation time of Fe3O4 nanoparticles as a function of nanoparticles radius in presence of external
magnetic �eld (B=1 and ω=0.1).


