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A B S T R A C T   

Investigation of the combustion process in nanofluids consisting of oxygen molecules and 
aluminum nanoparticles indicates the factors affecting this process and, as a result, creates a 
phase change in the simulated atomic structure. In this study, using molecular dynamics simu
lations, the combustion process in nanofluids, including oxygen molecules and aluminum nano
particles, was studied from an atomic point of view. The physical equilibrium in atomic samples 
was initially investigated by examining atomic structures’ kinetic energy and potential energy. 
Kinetic energy and potential energy were balanced at 77.02 eV and − 6769.58 eV, respectively. 
This convergence in the expressed physical quantities indicated that the atomic structure of the 
prototype and the interaction between the atomic structures were well selected. Also, some 
factors such as changes in initial temperature and pressure and the change in applied external 
heat flux to the nanofluid led to the optimal conditions for combustion in the atomic structure and 
processes such as heat transfer. As the initial temperature rises to 400 K, the flux in the atomic 
sample and the combustion time converged to 1289 Wm-2 and 6.29 ns, respectively. And with 
increasing pressure in atomic samples to 6 bar, atomic oscillations decrease. Also, the flowing flux 
in the atomic sample and the combustion time converged to 1383 Wm-2 and 5.5.31 ns with 
increasing external heat flux.   
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1. Introduction 

Nanotechnology is an interdisciplinary science related to medical and therapeutic fields up to industrial devices and various science 
and engineering disciplines [1]. Nanostructure refers to structures that have at least one dimension less than 100 nm [2–5]. Com
bustion is a reaction in which a substance combines with oxygen very quickly, and in addition to producing oxygenated compounds, 
heat and light are also produced in this process [6]. Combustion of fossil fuels leads to the production of significant pollutants and, 
ultimately, global warming due to the formation of elements such as NOX, CO, and CO2 [7]. According to recent research and the 
importance of industry in the production of pollutants and damage to the environment, the study of geometric parameters in the 
operation of industrial combustion bins requires further and more complete study. Several experimental and computational methods 
and computer simulations in combustion in atomic nanostructures were performed in previous studies. 

In the continuation of this section, a number of these studies are discussed. In a study, Jung et al. [8] investigated the effect of the 
addition of Ce nanoparticles on the combustion process in diesel fuel. They reported that the oxidation rate and combustion tem
perature increase and decrease by adding this nanoparticle, respectively. Kong et al. [9] examined nickel compounds’ thermal be
haviors and combustion in the polypropylene/IFR system. They reported that these nanoparticles improved the combustion process 
and reduced the amount of smoke production. Allen et al. [10] studied the combustion of liquid fuels by increasing nanoparticles. The 
results showed that adding Al nanoparticles reduces the combustion delay by up to 32%. In an experimental study, Sun et al. [11] 
investigated the effect of diameter and concentration of Al nanoparticles on the combustion process of liquid fuels. They reported that 
the increase in nanoparticles led to an increase in flame emission. Tyagi et al. [12] examined the effect of adding Al nanoparticles to 
diesel fuel on combustion. Nanoparticles were studied in volume fractions of 0, 0.1 and 0.5%. They reported that increasing Al volume 
fraction increases the hot spots inside the bin and allows ignition from several points. 

In a computational study using molecular dynamics, Hong et al. [13] investigated the combustion process in aluminum nano
particles. This study was performed at different initial temperatures as well as different oxygen densities in the simulation box. This 
study showed the proper combustion process and significant adsorption of oxygen molecules by simulated aluminum nanoparticles in 
different temperature ranges and oxygen density in the simulation box. In a computational study, Li et al. [14] examined the com
bustion behavior of aluminum nanoparticles. This research group showed that a molecular dynamics method is suitable for studying 
aluminum-based atomic structures’ thermal and combustion behavior. In a computational study based on quantum theory, Bayout 
et al. [15] examined the combustion behavior of aluminum nanoparticles. In their research, this research group used simulations of 
density functional theory. It showed that the appropriate temperature for creating an optimal combustion process in aluminum 
nanoparticles is equal to 3500 K. Bidabadi et al. [16] examined the combustion process of Al microparticles in a filled box with oxygen 
molecules. The molecular dynamics simulations show these microparticles’ adsorption of oxygen molecules and combustion processes 
in a wide temperature range. The present study investigates the combustion process in a copper nanoparticle with nanofluid, including 
oxygen molecules and aluminum nanoparticles. In general, in the simulated sample, aluminum nanoparticles with a radius of 5 nm and 
the dimensions of the simulation box are assumed to be 10 × 10 × 15 nm3. The created total temperature in the structures equals 300 K, 
the initial pressure equals 1 bar, and the atomic percentage of aluminum nanoparticles is considered 1%. Fig. 1 shows a simulated 
atomic structure by the molecular dynamics method. In general, in this study, we investigate the effect of temperature and initial 
pressure and external heat flux on the combustion of atomic structures. 

2. Computational method 

Molecular dynamics simulation is a method that can predict the temporal evolution of a system consisting of interacting particles 
(atoms, molecules, granules, etc.) and thus estimate the associated physical properties [17]. In MD simulation, the time course of 
particle interactions of a system is studied using Newton’s second law as follows [18]: 

Fi =
∑

i∕=j

Fij = mi
d2ri
dt2

= mi
dvi
dt

(1) 

The approximate numerical computational method for advancing the system by one-time step is called the integral algorithm. In 

Fig. 1. A view of the simulated atomic structure using LAMMPS software.  
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the molecular dynamics of continuous potentials, the classical motion equations are determined using finite difference algorithms and 
lead to calculating molecular locations and velocities in equal time sequences. Accuracy, stability, simplicity, speed, and economic 
aspects are important in choosing an algorithm. Among the integration algorithms, velocity-Verlet is the most common type. The 
velocity-Verlet algorithm is estimated with these equations [19]: 

ri(t+Δt)= ri(t)+Δt vi(t) +
Δt2ai (t)

2
(2)  

ai(t+Δt)=
Fi (t + Δt)

mi
(3)  

vi(t+Δt)= vi(t)+Δt ai(t) +
Δt (ai (t) + ai(t + Δt))

2
(4) 

In these equations, ai(t + Δt), vi(t + Δt), ri(t + Δt), and ai(t), vi(t), ri(t) show the acceleration of particles, velocity, and initial 
and final position. In general, the main purpose of simulating systems containing large numbers of particles is to obtain mass properties 
mainly defined by the location of the nuclei of atoms. Therefore, a logical approximation and based on physics from the force field 
(potential function) can make a suitable inference about the system’s behavior. To evaluate the total potential energy, the applied non- 
bonded and bonded interactions to the particles must be summed [20]: 

Etotal= Ebonded + Enonbonded (5) 

The Lennard-Jones potential is a simple mathematical model that approximates the interactions between a pair of neutral atoms or 
molecules. The most common formulation for the Lennard-Jones potential function is expressed as Eq. (6) [21]: 

ULJ = 4ε
[(σ
r

)12
−
(σ
r

)6
]

(6) 

In this equation, ε is the size of the potential well, rc in this formulation represents the potential cut-off radius, and σ is the distance 
at which the potential becomes zero. Electrical potential energy or electrostatic potential energy is obtained from the Coulombic steady 
forces [22,23]. This energy determines the amount of force of static electric charges on the particles of a system that absorb and repel 
each other. Electric potential energy is defined according to Eq. (7) [22]: 

U(r)=
− 1

4πε0

q1q2

r2 (7) 

In the above relation, r is the distance between the charges, q1 and q2 are electric charges, and ε0 indicates the electrical perme
ability of the open space. The EAM potential function is used to calculate the interaction of metal particles. This equation is represented 
as follow [18,24]: 

Ui =Fα
(∑

i∕=j

ρβ
(
rij
) )

+
1
2
∑

i∕=j

φβ
(
rij
)

(8) 

In this equation, βρ is the factor due to the atomic charge density, and βφ is the factor due to the presence of particles in the 
simulation box. Also, Fα is a constant coefficient between 0 and 1. The basis for calculating the thermal conductivity in the following 
simulations is calculating the flowing heat flux in the atomic samples, estimated using the Green-Kubo method. In Green- Kubo 
technique, an internalization happens in terms of the selected curve using this formulation [18]: 

J=
1
V

[
∑

i
eivi −

∑

i
Sivi

]

=
1
V

[
∑

i
eivi +

∑

i<j

(
fij.vj

)
xij

]

=
1
V

[
∑

i
eivi +

1
2
∑

i<j

(
fij.
(
vi + vj

))
xij

] (9) 

In Eq. (10), j and i show two fractions at both ends of the bond, Si is the system entropy, ei the energy, the force exerted on i and j 
particles, and V is the total sample volume. The following equation estimates the quantity of thermal conductivity of the simulation 
box: 

k=
V

kBT2

∫∞

0

〈Jx(0)Jx(t)〉dt =
V

3kBT2

∫∞

0

〈J(0).J(t)〉dt (10) 

In the above relation, kB is the Boltzmann constant, V is the occupied volume by the particles in the simulation, Jx(0) is the flowing 
heat flux in the initial step of the simulation, and Jx(t) is the flowing heat flux at any point in time. In this study, canonical (NVT) and 
grand canonical (NPT) ensembles are used. Thermostats are used to keep the temperature in a certain range. This procedure controls 
the flow of thermal energy into or out of the simulated atomic structure [24–26]. In our research, the Nose-Hoover thermostat is used. 
By applying the Nose-Hoover formulation and considering the motion equations of the Verlet-algorithm, the equations are as follows 
[25]: 
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ri(t+ dt)= ri(t) + vi(t)dt +
1
2
dt2

[
Fi(t)
mi

− ξ(t)vi(t)
]

(11)  

vi
(

t+
dt
2

)

= vi(t) +
dt
2

[
Fi(t)
mi

− ξ(t)vi(t)
]

(12)  

ξ
(

t+
dt
2

)

= ξ(t) +
dt
2ϱ

[
∑N

i
miv2

i (t) − gkBT

]

(13)  

ξ(t+ dt)= ξ
(

t+
dt
2

)

+
dt
2ϱ

[
∑N

i
miv2

i

(

t+
dt
2

)

− gkBT

]

(14)  

3. Results and discussion 

3.1. Stability of atomic structures 

In the first part of this study, physical quantities such as kinetic energy and potential energy of atomic structures in 10 ns are 
investigated to investigate the equilibrium in the simulated structures. As the time steps in the simulation box increase, the amplitude 
of kinetic energy oscillation in the simulated samples decreases. As a result, the kinetic energy tends to a constant value. From a 
quantitative point of view, as shown in Fig. 2, the kinetic energy of the simulated atomic samples tends to 77.02 eV after 10 ns, and as 
more time steps go by, the numerical value does not change much. The potential energy of simulated atomic structures is one of the 
most important physical quantities in molecular dynamics simulations. From a computational point of view, this quantity corresponds 
to the distance between atoms (how atomic structures are arranged) and the used potential in them. According to Fig. 3, the numerical 
value of this quantity converges to − 6769.58 eV, which is visible after 10 ns. Therefore, it can be said that the numerical value of this 
quantity does not change as more time passes in the simulated atomic samples. From a physical point of view, this convergence in the 
calculated energy in this part originates from the proper position of atomic structures and the force between atoms that arises from the 
choice of force field and indicates the equilibrium in atomic structures [18]. 

After examining the stability of the simulated structures, the combustion process in the structures is investigated. The combustion 
process will be visible in the atomic sample by applying heat flux (1 Wm-2) to the simulated atomic samples. More precisely, by 
applying heat flux to the simulated atomic samples, the atomic mobility in these samples increases. With increasing atomic mobility in 
the simulated samples, mobility and, consequently, the atomic distance increase. With increasing atomic distance, the amount of 
kinetic energy in the samples increases, and finally, the amount of potential in these structures changes to a positive numerical value. 
This increasing trend in the amount of potential energy and kinetic energy causes the total energy in atomic structures to increase, 
corresponding to an increase in temperature, resulting in phase change and combustion in the atomic sample. 

3.2. Investigation of thermal behavior of simulated atomic structures 

Despite the increase in mobility in atomic samples by applying heat flux, the amount of aluminum nanoparticles was selected so 
that the aggregating process is not visible in atomic samples. It was found that nanoparticles are very important in determining the 

Fig. 2. Change in kinetic energy of the simulated sample.  
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properties of systems and structures [27–31]. As a result, the physical behavior of atomic samples is not disturbed. Fig. 4 shows a 
close-up view of aluminum nanoparticles so that the aggregating process can be seen if present. It should be noted that these images are 
defined as the output of LAMMPS software after 10 ns (after the application of external heat flux). 

After showing how the atomic substitution in the study sample is done, this process is studied numerically. For this purpose, the 
temperature profile in the simulated samples is checked. Therefore, the thermal properties of simulated nanochannel-fluid/nanofluid 
systems are investigated by identifying the temperature behavior of the simulated items. In this section, the temperature profiles of the 
atoms present in the simulated fluid nanofluid are plotted according to the number of bins within the nanochannel in Fig. 5. According 
to this figure, the temperature behavior of the fluid simulated in this study is similar to their velocity. The temperature profile of the 
fluid particles in the center of the atomic channel has its highest numerical value. As it approaches the walls of this channel, the 
numerical value of this quantity decreases. 

3.3. Investigation of the effect of temperature on the combustion of atomic structures 

As the temperature rises in the simulated atomic samples, the atomic oscillations in the structures increase; with increasing these 
fluctuations, heat transfer in the samples increases. As a result, the combustion phenomenon in these structures is observed with more 
intensity. From a computational point of view, with increasing temperature, the number of kinetic energy increases. Finally, this 
process leads to an increase in potential energy and total energy in the simulated samples. With the increase of expressed energies in 
atomic structures, the amount of released heat in the simulation box increases. Finally, with increasing temperature to 350 K, the 
amount of heat flux in atomic samples reaches 12.89 Wm-2 (Fig. 6). With the occurrence of the process and so in the atomic samples, 
the combustion time in the structures also changes and reaches a numerical value of 6.29 ns per initial temperature of 400 K (Fig. 7). An 
accurate numerical report of heat flux and phase change duration (combustion) in atomic samples with different initial temperature 
values is presented in Table 1. 

Other studies on the heat flux of nanofluids containing aluminum (water/Alumina) show that the heat flux of the nanofluids in
creases with increasing initial temperature [32,33]. They showed that in the temperature range of 280–350 K, the heat flux changed 
between 1000 and 1500 Wm-2. 

3.4. Investigation of the effect of initial pressure on the combustion of atomic structures 

Compared to the initial temperature, pressure has the opposite effect on the combustion process of atomic structures. From the 
atomic point of view, with increasing pressure in atomic samples, atomic oscillations decrease. As a result, atomic movement and, 
consequently, atomic mobility in atomic structures decreases. This reduction limits the displacement in the atomic samples, and as a 
result, changes in potential energy and kinetic energy in these structures are not significant. According to the above explanations, it is 
expected that with increasing pressure in atomic samples, the amount of generated and transferred heat flux in atomic samples de
creases, and as a result, the combustion process is observed in less time. From a numerical point of view and according to the diagram 
in Fig. 8, the amount of heat flux in the oxygen/aluminum sample increases to a numerical value of 1288 Wm-2 (increasing the pressure 
to a numerical value of 6 bar). On the other hand, according to Fig. 9 and Table 2, the required time for the combustion process in the 
simulation box decreases to 6.59 ns. 

Fig. 3. Change in potential energy of the simulated sample.  
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3.5. Investigation of the effect of external heat flux on the combustion of atomic structures 

Increasing the external heat flux in the simulated nanofluid particles inside the copper atomic channel increases the flowing flux in 
the sample. As the expressed heat flux within the atomic channel increases, the amount of mobility and kinetic energy in the samples 
increases. As a result, more heat flows into the structures (Fig. 10). This increase reduces the combustion time in atomic samples. 
According to the reported results in Fig. 11 and Table 3, the combustion time in the simulated samples is reduced to a numerical value 
of 5.31 ns from a numerical point of view. The results of this part of the research can be used in practical applications. By adding 
external heat flux, atomic evolution in atomic samples can be intensified. As a result, increasing energy and combustion can be 
observed in a shorter period, which increases the operational efficiency of the applied samples. 

4. Conclusion 

This study investigated the thermal behavior and combustion process in a simulated atomic sample with LAMMPS software, 
including copper channel and oxygen/aluminum nanofluid. In this research, we investigated the effect of temperature, initial pressure, 

Fig. 4. Close-up of atomic placement in simulated samples to identify aggregations in aluminum nanoparticles.  
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Fig. 5. Temperature profiles within the copper channel.  

Fig. 6. Heat flux changes in simulated atomic samples versus the initial temperature of atomic structures.  

Fig. 7. Combustion time changes in simulated atomic samples versus the initial temperature of atomic structures.  
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and external heat flux on the combustion of atomic structures. In summary, the following results were obtained from this study:  

• By examining the physical equilibrium in atomic samples, the amount of kinetic energy in atomic samples was balanced at 77.02 
eV. The amount of potential energy in atomic samples was balanced at − 6769.58 eV.  

• As the initial temperature rises to 350 K, the flux in the atomic sample and the combustion time converged to 1289 Wm-2 and 6.29 
ns. 

Table 1 
Changes related to heat flux and phase change duration in simulated atomic samples according to the initial temperature of atomic 
structures.  

Initial Temperature of Atomic Structures (K) Heat Flux (Wm− 2) Combustion Time (ns) 

300 1254 6.71 
310 1268 6.50 
325 1279 6.41 
350 1284 6.33 
375 1286 6.31 
400 1289 6.29  

Fig. 8. Heat flux changes in simulated atomic samples in terms of the initial pressure of atomic structures.  

Fig. 9. Combustion time changes in simulated atomic samples in terms of the initial pressure of atomic structures.  
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• By increasing the initial pressure to 5 bar, the flowing flux in the atomic sample and the combustion time converged to 1288 Wm-2 

and 6.59 ns.  
• The flowing flux in the atomic sample and the combustion time converged to 1383 Wm-2 and 5. 31 ns with increasing external heat 

flux. 

Table 2 
Changes related to heat flux and phase change duration in simulated atomic samples versus initial pressure of atomic structures.  

Initial Pressure of Atomic Structures (bar) Heat Flux (Wm− 2) Combustion Time (ns) 

1 1254 6.71 
2 1258 6.69 
3 1273 6.67 
4 1279 6.63 
5 1286 6.61 
6 1288 6.59  

Fig. 10. Heat flux changes in simulated atomic samples in terms of external heat flux.  

Fig. 11. Combustion time changes in simulated atomic samples in terms of external heat flux.  
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