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A B S T R A C T   

Background: In this study, the pool boiling heat transfer of Fe3O4 /ammonia nanofluid in a copper (Cu) nano
channel is done using the molecular dynamics (MD) simulation. 
Methods: To increase and improve the performance of heat transfer, the effect of external force, and external 
magnetic field frequency on the atomic and thermal performance of the simulated nanostructure was checked. 
The results show that the density increased with a positive slope when the external force was imposed on the 
nanostructure with a growing trend. The amount of velocity and temperature similarly increased. So, by 
increasing the external force from 0.001 to 0.005 eV/Å, the maximum values of density, velocity, and temper
ature converge to the values of 0.1441 atom/Å3, 13.939 Å/fs, and 794.61 K. Moreover, increasing the applied 
external force caused an increase in the heat flux and thermal conductivity in the nanostructure. Finally, studying 
the effect of external magnetic field on the nanofluid’s atomic behavior shows that with the change in the fre
quency of external magnetic field, Poiseuille behavior was remained. The results of the increase in the frequency 
of external magnetic field show the increasing trend of velocity and temperature. Numerically, the maximum 
values of velocity and temperature increase from 7.133 to 11.476 Å/fs, and from 210.23 to 410.07 K, respec
tively. Furthermore, HF increases by increasing the frequency of external magnetic field. 
Significant findings: As particles’ movement increased, the structure’s thermal resistance decreased. So, by 
increasing external force, the thermal resistance in the structure decreased.   

1. Introduction 

At the same time as the climate crisis worsens, the world is investing 
in carbon-free energy to create a world where either the production of 
greenhouse gasses is zero or the same amount of greenhouse gas is 
emitted from the world’s blow air [1,2]. There are various methods to 
reduce using the fossil fuels, such as using green hydrogen [3] or 
alternative catalyst and fuel refrigerants [4]. Natural gas is one of the 

world’s cleanest fossil fuels. Ammonia is a natural refrigerant compat
ible with the environment. This refrigerant has excellent thermody
namic and thermal properties. It is widely used in large refrigeration 
systems. It was used in industries, such as the refrigerators and air 
conditioners. Studying the biological and environmental effects of re
frigerants (synthetic and natural) showed that in the long term, using the 
natural refrigerants in various refrigeration and air conditioning in
dustries was recommended [5,6]. According to the heat transfer 
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characteristics of ammonia, this refrigerant is the most suitable for 
thermophysical properties [7,8]. Today, the need for effective cooling in 
small systems was increased in terms of the advances in nanotechnology. 
The research shows that adding the nanoparticles improved the thermal 
behavior of different fluids due to having a higher conductivity coeffi
cient than fluids. To be more precise, two main characteristics of 
nanoparticles are very high stability, and the other is a very high coef
ficient of thermal conductivity [9–11]. Also, previous studies show that 
applying a magnetic field can improve the performance of fluid inside 
the atomic duct [12]. Nanofluids that contain magnetic nanoparticles 
are widely used in various fields in terms of their higher heat transfer 
capabilities [13]. 

Nanofluid heat transfer applications are very important and practical 
[14,15]. Several studies were conducted in pool boiling heat transfer 
[16–19]. Whenever the temperature of an object immersed in a liquid, 
such as the wall of a container, was higher than the saturation temper
ature of fluid associated with it, the phenomenon of pool boiling was 
observed [20,21]. The boiling process was characterized by forming 
steam bubbles separated from the hot surface after successive growth 
[22]. Bubble growth depended on excess temperature, surface material, 
thermodynamic properties of the fluid, and surface tension. On the other 
hand, steam formation and boiling on the surface were effective in the 
heat transfer [23–25]. 

For example, Wen et al. [26] checked the thermal performance of 
pool boiling using Al2O3 and TiO2 nanofluids. They showed a 40% 
improvement in critical HF. Moreno et al. [27] studied the effects of 
nanoparticle size on critical HF using Al2O3 nanoparticles in the base 
fluid. Amiri et al. [28] investigated the effect of nanoparticles to 
improve the critical HF. They used multi-walled carbon nanotubes 
(MWCNT) with different diameters. They found that the diameter of 
nanotubes affected the critical HF, and as the diameter of nanotubes 
increased, the amount of HF decreased. Kim et al. [29] perused the effect 
of surface moisture on pool boiling heat transfer and critical HF with 
SiO2, ZrO2, and Al2O3. The results show that the critical HF increased to 
80%, and the heat transfer coefficient was weakly improved. Vitarana 
et al. [30] perused nanofluids’ boiling heat transfer coefficients of 
Au-H2O, SiO2 - H2O, and SiO2-ethylene glycol in a cylindrical chamber. 
This research revealed the improvement of critical HF and heat transfer 
coefficients between 11% and 21%. Prag et al. [31] investigated the pool 
boiling using nanofluids based on MWCNTs. Tlili et al. . [32] examined 
the effect of channel dimensions on the thermal behavior of air in the 
presence of phase change materials. Dero et al. [33] examined the 
thermal stability of water/copper-alumina nanofluid. 

Due to solving and explaining many phenomena using laboratory 
methods was impossible or very expensive and time-consuming, today, 
it is possible to solve many problems using computational methods. For 
instance, Rajakarunakaran et al. [34] examined the mechanical 
behavior of self-compacting concrete using numerical methods. The 
obtained results reveal that it predicts the mechanical behavior of 
studied structure well. Bai et al. [35] examined the effect of concen
tration and graphene oxide nanoparticles on the thermal behavior of 
water/ graphene oxide nanofluid using different numerical methods. 
The results show that numerical methods could predict the studied 
structure’s thermal performance. Banawas et al. [36] examined the ef
fect of initial temperature and pressure on the thermal and mechanical 
behavior of calcium phosphate cement using MD simulation. The results 
show that decreasing the temperature and increasing the pressure led to 
improving the thermal and mechanical stability of structure. Aljaloud 
et al. [37] examined the effect of concentration and radius of copper 
oxide nanoparticles on the thermal behavior of water/copper oxide 
nanofluid using MD simulation. Different simulation methods and 
experimental tests were reported to predict pool boiling characteristics 
in nanofluids. For instance, Liang et al. [38] examined the effect of Fe 
nanoparticle size on the pool boiling heat transfer using the MD simu
lation. In another study, Tian et al. [39] examined the effect of external 
force on the pool boiling of Fe/water nanofluid. 

On the other hand, previous studies showed that adding an external 
magnetic field and electric field can improve heat transfer in a micro/ 
nanochannel. For instance, Wang et al. [40] examined the effect of 
external electric fields on the nanofluid heat transfer. In a review paper, 
Wang et al. [41] examined the effect of external magnetic, and electric 
fields on nanofluid heat transfer. The results show that adding these 
external field significantly increased the nanofluid heat transfer. Due 
et al. [42] examined the effect of an external magnetic field on water/ 
Fe3O4 nanofluid heat transfer. 

Besides, the change in HF, density, temperature, and velocity profile 
of nanoparticles by increasing the external magnetic and external force 
were studied. For this purpose, the frequency of external magnetic field 
with different values of 0.01, 0.02, 0.03, and 0.05 1/ps, and the external 
force with values of 0.001, 0.002, 0.003, and 0.005 eV/Å were applied 
to nanofluid. 

2. The MD simulation formulation 

The main benefit of computer simulations help understand the 
properties of molecules in terms of structure and their microscopic in
teractions. The MD is a simulation method that helps us investigate the 
system’s dynamical properties [43]. The MD simulation predicts the 
movements and trajectories of interacting particles over time. This aim 
was fulfilled by numerical solving the classical Newton’s equation of 
motion [44]. The numerical solving of Newton’s equation was per
formed using a method called velocity-Verlet integration. The 
velocity-Verlet algorithm calculated the velocity and the position of a 
particle in a time step Δt [44]. 

The thermal conductivity and HF of simulated structures were 
calculated from the Green-Kubo formulation.The Green-Kubo formula is 
relates the ensemble average of the auto-correlation of the HF to kappa. 
The HF can be calculated from the fluctuations of per-atom potential and 
kinetic energies and per-atom stress tensor in a steady-state equilibrated 
simulation [45]. Technically, we used ‘Compute heat/flux’ command in 
the LAMMPS package witch can calculate the needed HF and describes 
how to implement the Green_Kubo formalism [45]. These formulisem 
are represented as follows (Eqs. (1) and (2)) [46–48]: 

K =
V

KBT2

∫ ∞

0
〈Jx(0)Jx(t)〉dt =

V
3KBT2

∫ ∞

0
〈J(0).J(t)〉dt (1)  

where, J indicates HF, V indicates the volume, T shows the temperature, 
and KB represents the Boltzmann constant (1.380649 × 10− 23 m2.kg.s− 2. 
K− 1). In the case of two-body interactions, the HF J is defined as: 
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where, ei shows the per-atom energy (potential and kinetic), Si repre
sents the per-atom stress tensor, vi represents the particle velocity, Fij is 
the force exerted on the i and j particles, and V indicates the volume. 

The atomic structures simulated in the upcoming research had a 
defined electric charge from a computational point of view. When the 
pregnant particle moved in the magnetic field, it always experienced a 
force that was perpendicular to the field. As a result, greater mobility 
and velocity will be visible in these samples in the nanochannel. The 
external magnetic fields were used to atomic samples by following for
mulations: 

B = B0sin(ωt) (3) 
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In this equation, B0 is the amplitude of external magnetic field (0.1 
T), and ω is the frequency of this external factor. To study the effect of 
this external factor on the simulated samples’ atomic performance, the 
external fields’ frequencies were 0.01,0.02, 0.03, and 0.05 ps− 1. 

The most important part of each simulation was to examine the in
teractions among particles, which were defined via the potential func
tion. Previous studies show that the Lennard-Jones potential function 
was suitable for modeling ammonia structure. Furthermore, the metallic 
structure of nanoparticles was used from the EAM potential function 
[49,50]. This simulation used EAM, Lennard-Jones (LJ), and Columb 
potential. EAM potential function definition: 

Ui = Fα

(
∑

i∕=j

ρβ
(
rij
)
)

+
1
2
∑

i∕=j

ϕαβ

(
rij
)

(4)  

where, Fα, φαβ, ρβ, and rij in above equation were the acts as the function 
of electron density, a pair potential interaction, absorbent force, and the 
distance among particles, respectively. Alpha (α) and beta (β) are the 
element types of atoms I and J. LJ potential function is defined as follows 
[51]: 

ULJ = 4εij

[(
σij

rij

)12

−

(
σij

rij

)6
]

rij < rc (5)  

where,  σij and  εij are the depth of particle potential well, the finite 
distance in the case the potential was zero. The rij shows the distance 
among the particles, and indices i and j represent the element types of 
atoms I and J. And rc represents the cutoff radius (12 Å). LJ potential 
parameters for each present particle in the MD simulation in terms of 
selective force field are presented in Table 1. These coefficients are 
written from the UFF and DREIDING references [52,53]. 

Due to Table 1,  σij and  εij of each particles are calculated using Eqs. 
(6) and (7) [54]: 

εij =
̅̅̅̅̅̅̅εiεj

√ (6)  

σij =
σi + σj

2
(7) 

Furthermore, the electric potential energy is described by Coulombic 
interactions (8) [55]: 

Uij =
Cqiqj

εrij
rij < rc (8)  

where, C is an energy-conversion constant, qi and qj are the charges on 
the 2 atoms, and ε is the dielectric constant. The cutoff rc truncates the 
interaction distance 

2.1. The MD simulation process in current research 

This research studied pool boiling heat transfer of ammonia nano
fluid containing Fe3O4 nanoparticles in a nanochannel using LAMMPS 
software. A simulation box with the dimension of 100 × 60 × 60 Å3 was 
considered in the present simulation. A nanochannel with a thickness of 
5 Å was modeled, along with the length of simulation box. This simu
lated nanochannel is made of Cu particles. One sphere of Fe3O4 nano
particles with a radius of 10 Å was modeled. An example of modeled 

structure that included nanochannel and nanofluid is represented in 
Figs. 1 and 2. The initial temperature was set to 195 K using the NVT 
ensemble. The current simulation consisted of two basic parts. In the 
first part, using the NVT ensemble, the desired nanostructure reached 
equilibrium at a temperature of 195 K. To check the equilibration in the 
structure, the changes in potential energy and total energy were checked 
(In Supporting Information section). The convergence of these quanti
ties to a constant number showed the equilibrium in the simulated 
structure. Moreover, the convergence in the mentioned quantities was in 
terms of appropriate force field. The Nose-Hoover thermostat was used 
to check the equilibrium in temperature. 

3. Result and discussion 

3.1. Effects of magnetic field frequency on the atomic and thermal 
performance of nanostructure 

Under the effect of external magnetic field, it had an increasing or 
decreasing trend. Consequently, it is expected that the boiling of this 
material in terms of the magnetic field will include various results and 
phenomena. It will be possible to change the applied external magnetic 
field in the studied samples via a change in the field amplitude and a 
change in the frequency of this field. Therefore, the parameters, such as 
temperature, density, and velocity profile, which were affected by the 
magnetic field with different frequencies and illustrate various behavior, 
were analyzed in the current research. 

The values of these quantities were measured, and finally averaged 
in each bin. Finally, the averaged thermophysical parameters were 
plotted based on the properties of various bins. Therefore, the density 
profile of studied nanofluid was drawn based on the density of particles 
in each bin as shown in Fig. 3. The ‘compute chunk/atom’ command was 
used to calculate the density profile. This compute examined the number 
of atoms in each bin volume [56]. As a result, the interactions between 
the nanochannel walls and the nanofluid particles dominated. Since the 
studied structure’s particle number did not change, it is expected that 
the density of nanofluid will not change while the external field’s fre
quency changes. 

Fig. 4 shows the velocity profiles in the desired nanostructure versus 
increasing the frequency of the external magnetic field. The increase in 
atomic oscillations in the ammonia-Cu nanofluid was created in terms of 
the increase in frequency. Therefore, the arrangement of velocity profile 
and the maximum numerical value of this quantity changed. Quantita
tive results represent that the maximum velocity of particles was equal 
to 11.476 Å/fs, which was obtained using the frequency with a magni
tude of 0.05 1/ps.  

On the other hand, an increase in the amount of movement and 
mobility of nanoparticles was obtained by increasing the frequency, 
which will lead to changes in the temperature of atomic structures, ac
cording to Fig. 5. Fig. 5 shows the temperature profile changes in the 
nanochannel versus increasing the frequency of magnetic field. By the 
change in the atomic behavior of studied nanostructure, it is expected 
that this behavior had a direct effect on the thermal behavior of these 
nanostructures, so these cases and changes should be considered in the 
field of the practical application of these atomic samples. The numerical 
results obtained from this part are fully presented in Table 2. 

As mentioned earlier, positive changes in the magnetic field fre
quency caused the improvement of the oscillatory behavior and the 
amount of mobility of nanostructures. Therefore, studying the thermal 
behavior of this nanostructure under new conditions will be important. 
Fig. 6 shows the changes in the amount of HF flowing in the nano
channel versus the increased frequency of magnetic field. In this part, 
the HF variations are examined in terms of ΔT, where the T variations 
are equal to: 

ΔT = Ts − Tsat (9) 

Table 1 
The LJ parameters in the present MD simulation [52,53].  

Type of Particles σi (Å) εi (kcal/mol) 

Cu 3.495 0.005 
H 2.886 0.044 
O 3.5 0.06 
Fe 4.54 0.055 
N 3.995 0.415  
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where, Tsat and Ts are the saturation T and surface T. As it is well known, 
the HF diagram exhibits an increase-decrease-increase pattern under the 
specified conditions, indicating the sample’s poolboiling hear transfer 
procedure. Based on the results presented in Fig. 6, increasing the fre
quency of external magnetic field led to an increase in the HF transferred 
in the nanochannel. 

As the temperature increased, these bubbles joined together and 
reduced the heat transfer (more details in Section 5.2 (Boiling Curve)). 
As the bubbles’ size increased, the fluid’s density decreased [57]. Fig. 7 
shows the density profile changes before and after the critical heat flux 
in the presence of a magnetic field with 0.01 1/ps frequency magnitude. 
Numerically, the maximum density of particles was equal to 0.1405 and 
0.1277 atom/Å3 before and after the critical heat flux. This decrease in 
density was in terms of the formation of bubbles on the surface of fluid. 

In the discussion of time series, there was a dependence among the 
observations based on time. Since in statistics, dependence is often 
expressed as correlation, and the word autocorrelation means serial 
correlation or dependence among the sequential values in terms of time. 
Fig. 8 represents the change in heat flow autocorrelation function 
(HFAF) of the simulated structure over the timestep. This chart was 

Fig. 1. General representation of the desired nanostructure from a) perspective and b) front view.  

Fig. 2. A schematic of a) ammonia/ Fe3O4 nanofluid and b) Fe3O4 nanoparticle 
in the present simulation. 

Fig. 3. Changes in nanofluid density profile vs. increasing magnetic 
field frequency. 

Fig. 4. Changes in nanofluid velocity profile vs. increasing magnetic 
field frequency. 
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descending in order of delay. The longer the observations were delayed, 
the less correlation they found. Fig. 8 show that the HFAF condensation 
of the simulated structure converged to zero with oscillating perfor
mance. Following Green-Kubo equation, the HFAF convergence to zero 
showed thermal conductivity convergence [58]. 

Fig. 9 and Table 3 show the changes in thermal conductivity with the 
increased frequency of magnetic field. The previous studies showed that 
by increasing the magnetic field magnitude, the thermal conductivity 
showed an upward behavior [59–61]. This increase was due to the in
crease in the velocity and movement of the particles with the increase in 

Fig. 5. Changes in nanofluid temperature profile vs. increasing frequency.  

Table 2 
The maximum values of density, velocity, and temperature vs. the applied 
external magnetic field frequency.  

Frequency of 
magnetic field (1/ 
ps) 

Maximum density 
(atom/Å3) 

Maximum 
velocity (Å/fs) 

Maximum 
temperature (K) 

0.01 0.1441 7.133 210.23 
0.02 0.1442 7.8492 279.69 
0.03 0.1441 9.795 339.81 
0.05 0.1444 11.476 410.07  

Fig. 6. Changes in HF vs. the excess temperature difference for different values 
of the frequency of the external magnetic field. 

Fig. 7. Changes in nanofluid density profile before and after the critical heat 
flux in the presence of a magnetic field with 0.01 1/ps frequency magnitude. 

Fig. 8. The change in HFAF of simulated structure over the timestep.  

Fig. 9. Changes in thermal conductivity vs. frequency of the external mag
netic field. 
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the magnitude of magnetic field. Generally, applying a magnetic field 
leads to a change in the direction of the particles in the magnetic 
nanofluid. This change in direction leads to an increase in the energy 
and acceleration of the particles. So, the magnetic field itself does not 
change the velocity of the particles [62].The higher the velocity of the 
particles, the more they collide, so heat transfer occurred at a higher 
rate. In general, as the frequency increased, the energy of the particles 
increased. Energy determines the reaction rate factor. Therefore, by 
increasing energy, the velocity and movement of particles improved. 
Moreover, the temperature of particles increased [63]. Therefore, it can 
be said that the with increasing the magnetic field magnitude, the par
ticles are accelerated [64]. As more charge is put in more motion, the 
better the thermal behavior of the magnetic nanofluid [65]. Previous 
studies reported thermal conductivity for ammonia fluid in the range 
from 0.7 to 0.8 W/m.K [66]. 

3.2. The effect of external force on the atomic and thermal behavior of 
nanostructure 

The external force applied from the surrounding environment to 
desired nanostructure is an important and influential factor. Therefore, 
to check this factor in this section, different amounts of external force 
with values of 0.001, 0.002, 0.003, and 0.005 eV/Å were used to the 
nanostructure as shown in Fig. 10. Considering in this simulation, the 
composition of studied nanostructures didn’t change due to the atomic 
ratio of Fe3O4 nanoparticles to ammonia fluid particles, the density 
value in these nanostructures did not change significantly. This change 
is due to the increase of disturbances related to the bubbles created on 
the surface of the fluid by increasing the external force. The lack of 
density change is due to the constant atomic ratio of Fe3O4 nanoparticles 
to ammonia fluid particles, so the density value does not change much in 
these atomic nanostructures. 

Fig. 11 illustrates the fluctuations in the velocity according to the 
increase of external force applied to the nanofluid. Studying the velocity 
profile is very important to survey the thermal performance of desired 

nanostructures. As shown in Fig. 11, the velocity values increase with 
the external pressure applied to the nanofluid. Numerically, with the 
increase of external force to 0.005 eV/Å, the velocity of particles 
reached from 6.977 Å/fs to 13.939 Å/fs. Increasing the external force in 
the simulated atomic structure increased the mobility of the particles in 
the nanochannel increases. As a result, the maximum velocity in the 
nanofluid particles increases. Thus, it can be found that the thermal 
performance of nanofluids is improved due to such changes. 

Fig. 12 shows the changes in the temperature of nanofluid according 
to the increase of the external force. Numerically, with the increase of 
external force, the maximum temperature value increased from 398.42 
K to 794.61 K. An increase in the pressure applied to the nanostructure 
was obtained as a result of an increase in the external force. The results 
of this part are presented in Table 4. 

The progress of the thermal performance with the increased external 
force had a direct relationship with the HF in desired nanostructures. HF 
in the nanostructure is reported in Fig. 13. Besides, when the external 
force increased, the pressure on the nanofluid increased. It causes the 
velocity of nanofluid particles to increase, and HF was transferred with 
greater intensity and quantity. 

Fig. 14 and Table 5 show the changes in thermal conductivity with 
the increase in external force. By increasing this thermodynamic quan
tity, it is expected that the heat transfer in the atomic structure will 

Fig. 10. Changes in density profile vs. increasing external force.  

Table 3 
Changes in thermal conductivity of simulated nanofluid vs. frequency of the 
external magnetic field.  

Frequency of 
magnetic field 

0.01 (1/ps) 0.02 (1/ps) 0.03 (1/ps) 0.05 (1/ps) 

Thermal 
Conductivity 

0.813 (W/ 
m.K) 

0.821 (W/ 
m.K) 

0.854 (W/ 
m.K) 

0.866 (W/ 
m.K)  

Fig. 11. Changes in nanofluid velocity profile vs. increasing external force.  

Fig. 12. Changes in nanofluid temperature profile vs. increasing external force.  
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increase. Finally, the thermal conductivity will increase in the studied 
samples. Therefore, the structure’s thermal resistance decreased with 
the external force increase. 

The obtained results show that adding the external force had a better 
thermal performance than the magnetic field in the studied structure. 
Therefore, to improve the thermal performance of studied structure in 
various industries, an external force can be applied in addition to 
applying a magnetic field. 

4. Conclusion 

The current paper analysed the pool boiling process in ammonia- 
based nanofluid using the MD simulation and LAMMPS software. The 
ammonia/Fe3O4 nanofluid pool boiling process was carried out in a Cu 
nanochannel. In general, the processes carried out in this research were 
checked in the two-step, including the equilibration and the investiga
tion of atomic structures’ atomic and thermal behavior. In the first step, 
the equilibrium in the nanostructure was checked. The results showed 
that:  

• The potential energy in the desired nanostructure converged to a 
− 22,451.3 eV after 20 ns passed.  

• The amount of total energy in desired nanostructure, which is the 
sum of the kinetic and potential energies of the nanostructure, 
converged to a − 22,532.3 eV. 

In the second step, parameters, such as temperature, velocity, den
sity, and HF of nanostructure were evaluated. The results indicated that:  

• Increasing the frequency of external magnetic field from 0.01 1/ps to 
0.05 1/ps led to the convergence of velocity and temperature profiles 
to the numerical values 11.476 Å/fs and 410.07 K. 

• The results show that with the increase in the magnetic field fre
quency (from 0.01 to 0.05 ps− 1), the thermal conductivity in the 
nanofluid increased from 0.813 to 0.866 W/m.K .Consequently, the 
thermal resistance in the structure decreased. HF increased with 
increaseng in the external field frequency.  

• Increasing the external force to 0.005 eV/Å led to the velocity and 
temperature profiles increase to 13.939 Å/fs and 794.61 K.  

• The results show that an increase in external force led to an increase 
in HF. By increasing the external force from 0.001 to 0.005 eV/Å, 
thermal conductivity in the nanofluid increased from 0.850 to 1.06 
W/m.K. 

5. Supporting information 

5.1. Equilibrium process 

The simulated sample’s equilibration time equals 20 ns. Fig. 15 
shows the potential energy changes for nanofluid in 20 ns. The results 

Table 4 
The maximum values of density, velocity, and temperature vs. the applied 
external force.  

External force 
(eV/Å) 

Maximum density 
(atom/Å3) 

Maximum 
velocity (Å/fs) 

Maximum 
Temperature (K) 

0.001 0.1441 6.997 398.42 
0.002 0.1442 8.961 470.36 
0.003 0.1441 10.961 589.19 
0.005 0.1441 13.939 794.61  

Fig. 13. Changes in HF vs. the excess temperature difference for different 
values of the external force. 

Fig. 14. Changes in thermal conductivity vs. external force.  

Table 5 
Changes in thermal conductivity of simulated nanofluid vs. external field.  

External force 0.001 (eV/ 
Å) 

0.002 (eV/ 
Å) 

0.003 (eV/ 
Å) 

0.005 (eV/ 
Å) 

Thermal 
Conductivity 

0.850 (W/ 
m.K) 

0.873 (W/ 
m.K) 

0.969 (W/ 
m.K) 

1.06 (W/ 
m.K)  

Fig. 15. Potential energy versus time in the presence of nanofluid.  
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obtained for the potential energy of the desired nanostructure reveal 
that after 20 ns, this quantity’s value approaches negative values. This 
convergence to a constant value showed sufficient simulation time for 
the equilibration process. Numerically, the potential energy converged 
to a value of − 22,451.3 eV. The negative value of the potential function 
showed that the simulated nanostructure had good stability and the 
attraction force prevails among the existing particles. Convergence in 
the potential energy of the simulated structure was in terms of appro
priate force field. The more negative the potential energy, the more 
stable the simulated structure. 

One of the other important cases studied to determine the behavior 
of the nanostructure is the total energy. The mentioned quantity accu
rately predicts the atomic behavior of nanostructure in the subsequent 
times of simulation. Fig. 16 shows the changes in the total energy for 
nanofluid after 20 ns. According to the results in Fig. 16, the total energy 
value in the simulated metal nanochannel with the presence of base fluid 
approached the numerical value of − 22,532.3 eV. 

5.2. Boiling curve 

Nukiyama studied different areas of pool boiling using a nickel- 
chrome wire placed in a water reservoir [67]. The heat flux from the 
nickel-chrome wire to the saturated water was determined by measuring 
the current intensity and the potential difference. The temperature of 
wire was obtained from the property of its electrical resistance changes 
with temperature. According to the diagram below (see Fig. 17), pool 
boiling had four different regimes.  

• Free Convection Boiling 

Hence, bubbles are not produced, and the free movement mechanism 
mostly does heat transfer.  

• Nucleate Boiling 

Separate bubbles were formed in this area. By increasing the tem
perature in this area, the bubbles joined together, and considering the 
liquid was heated, the bubbles can reach the free surface of the liquid 
and not be distilled in the liquid. This heat flux is called critical heat flux.  

• Transition boiling 

As the temperature increased further, bubbles accumulated around 
the joint surface. These bubbles coalesce and reduce heat transfer. 
Because bubbles contain gas, which had a much lower conductivity than 
liquid, there will be the lowest heat flux in this temperature difference. 
This point is called Leidenfrost Point  

• Film Boiling 

The bubble coalition will be eventually broken, large vapor bubbles 
will be pulled from the surface, and the heat flux will increase by 
increasing temperature. 

6. Future outline 

In future studies, multi-particle collision dynamics (MPCD) or 
MPCD-MD hybrid method methods can be used to study better the 
process of particle movement, and thermal conductivity of nanofluid. 
The hybrid method of MPCD-MD will be used to study the effect of ag
gregation morphology on the thermal conductivity of different nano
fluids [69,70]. Therefore, to validate and study more precisely the 
studied particles’ behavior, this hybrid method can be used. 
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