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A B S T R A C T

In industrial environments where combustion (Com.) is widely carried out, such as steam power
plants, gas turbines, etc., the most common way to express the amount of oxygen consumption is
its excess percentage in addition to the stoichiometric ratio, and the nearness of a catalyst causes
combustion to happen at a high ratio. There are different influential factors in catalytic combus-
tion, such as initial temperature (IT). The current study uses the molecular dynamics (MD)
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Atomic behavior method to examine how the IT and oxygen ratio affect air-methane catalytic combustion in a heli-
cal microchannel. The LAMMPS package was used to conduct this investigation. This study exam-
ines how simulated structures function during burning in excess oxygen (EO) and oxygen defi-
ciency (OD). Furthermore, palladium was used as a catalyst with an atomic ratio of 4 %. The find-
ings show that raising the IT may enhance its atomic behavior (AB) and thermal performance
(TP). The maximum velocity (MV) and maximum temperature (MT) increased from 0.26 Å/ps
and 1617 K to 0.45 Å/ps and 1891 K in EO as IT increased from 300 to 700 K. By accelerating the
particle velocity, it is anticipated that the catalytic combustion process would proceed more
quickly. As a result, after increasing the IT to 700 K, the heat flux (HF), thermal conductivity
(TC), and combustion efficiency (CE) increase to 2101 W/m2, 1.23 W/m. K, and 93 %, respec-
tively. On the other hand, the results show that increasing IT affects combustion performance in
the presence of OD. In the presence of OD, the MV and CE converge to 0.38 Å/ps and 94 % at
700 K. Therefore. It can be concluded that the atomic ratio of oxygen and the IT can significantly
affect combustion process.

Abbreviations

Com. Combustion
IT Initial temperature
MD Molecular Dynamics
EO Excess oxygen
OD Oxygen deficiency
AB Atomic behavior
TP Thermal performance
MV Maximum velocity
MT Maximum temperature
Den Density
HF Heat flux
TC Thermal conductivity
CE Combustion efficiency
RDF Radial distribution function
EAM Embedded-Atom Method
LJ Lennard-Jones
LAMMPS large-scale atomic/molecular massively parallel simulation
Nomenclature
rij The distance between particles (m)
ui The potential of a particle (eV)
εij Depth of the potential well (kcal/mol)
σij Finite distance in which the potential is zero(Å)
r The distance of the particles from each other
Uij The electric potential (eV)
V The total volume of particles (Å3)
kB Boltzmann constant (1.380649 × 10−23 J K−1)
T The system temperature (K)
J The heat flux(W/m2)
mi The mass of the particle(g)
ai The acceleration of the particle (m⋅s−2)
Nfs The number of degrees of freedom
Fα Constant coefficient between 0 and 1
ρβ An attraction force caused by the presence of particles in the simulated box
φβ A repulsive force caused by atomic charge density

1. Introduction
Exothermic complex consecutive reactions between an oxidizing or oxidizing substance and Fuel, which are accompanied by heat,

light, or both and appear in the form of a flame, are called combustion or burning [1]. combustion is divided into several categories
based on velocity, incompleteness, or completeness: fast, slow, complete, and incomplete. Common fuels are usually made of organic
compounds (especially hydrocarbons) in the gaseous, liquid, or solid form [2]. A substance reacts with an oxidizing agent such as oxy-
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gen or fluorine in a complete combustion reaction. The reaction products will combine both, i.e., explosive and oxidizing agents. The
most oxidizing substance used for burning is oxygen, which is abundant in the air around us [3,4]. When oxygen from the air reacts,
some dangerous nitrogen compounds (NOx) are also formed due to the heat from burning and combining with oxygen. However, a
significant reduction in NOx emissions was achieved by adopting a premixed operation mode in which the flame temperature is re-
duced, and the NOx level is greatly reduced [5]. In industrial environments where combustion is widely carried out, such as steam
power plants, gas turbines, etc., the most common way to express the amount of oxygen consumption is its excess percentage in addi-
tion to the stoichiometric ratio [6]. From a practical point of view, although combustion is one of the main sources of air pollution, in
the process of air pollution control, its purpose is to convert air pollutants into harmless carbon dioxide or water. Therefore, the com-
bustion device is designed to control the release of air pollutants in order to make the oxidation reactions as complete as possible and
leave the minimum unburned compounds [7]. To achieve proper efficiency in combustion, the four main factors of oxygen, tempera-
ture, agitation, and time are essential. During combustion, the amount of accessible oxygen determines the final products obtained. In
low oxidation, soot and carbon monoxide are the by-products of combustion, while with sufficient oxygen, carbon monoxide will be
the by-product of combustion. Although combustion starts as soon as a substance reaches the point of burning, to control air pollu-
tion, it is necessary to maintain the temperature at the ashing point (where the heat generated by the reaction is greater than the heat
lost in the surrounding environment) [8]. Understanding and mastering combustion processes is crucial due to the major concerns
about environmental pollution caused by Com.. We can build engines that are more efficient and reduce the amount of pollution pro-
duced by doing so by gaining a basic understanding of how combustion works.

Due to the high importance of combustion in various industries, many researchers have studied the combustion process and its ef-
fective parameters. Mousavi et al. [9] investigated the effects of adding NH3 to the H2/CH4 reactive mixture under a mild combustion
regime. The results show that contrary to what was reported for conventional combustion, the addition of NH3 under mild conditions
did increase NO emissions, while the NO2 mass fraction slightly decreased. Ariemma et al. [10] studied the stability and emission of
NOx in ammonia/methane Com.. They revealed that the interplay of the main chemical pathways of methane and ammonia affects
the DeNOx channel by the observed increase in NOx emissions. Choi et al. [11] investigated combustion of a drop of carbon black
nanofuel/dilute ethanol under high-pressure conditions. They demonstrated that although the burning rate increased due to heat ra-
diation, increasing the carbon black content did not substantially alter the ignition delay. Nam et al. [12] studied the high-pressure
combustion characteristics of a single butanol gel fuel drop. The findings demonstrate that, in contrast to pure liquid Fuel, the behav-
ior of combustion is insensitive to pressure owing to the effect of the gel layer on the droplet surface. Liu et al. [13] thoroughly exam-
ined the Al/AP combustion process, and the findings served as a theoretical basis for elucidating the combustion process and enhanc-
ing the energy release properties of solid fuels incorporating aluminum-based AP. Gas-phase combustion can only take place within a
certain range of flammability, and the temperatures generated during combustion may exceed 1600 C. Low temperature, flameless
Com. is known as catalytic combustion. This results in less nitrogen oxide being released. Extensive research has been done on the use
of catalysts in combustion process. For example, Chen et al. [14] used calcined nickel hydroxide in the catalytic combustion process.
The findings demonstrated that the catalyst's structure is stable when the temperature increases from 400 K to 500 K. Shao et al. [15]
studied the usage of CuO and CuCo2O4 in the methane combustion catalytic process. The results indicate that applying these two cata-
lysts improved combustion process. Particularly, combustion takes place in extreme physical conditions, including high pressures and
temperatures that may reach several thousand degrees. In addition, numerous elementary processes in combustion often occur on
timescales of less than 1 ps. Due to these severe physical conditions, real-time experimental studies of combustion are highly chal-
lenging, if not impossible. Therefore, individual reactions rather than the intricate reaction pathways involved in combustion are the
focus of the majority of experimental studies of chemical reaction mechanisms. Experimental procedures often take more time and
money than simulation approaches [16]. The MD approach allows for atomic-level control of the environment. Also, creating and
checking super-crisis conditions can also be checked with this method. Reactive MD simulation may build the full interconnected net-
work of reactions in a Com. system, as opposed to more conventional theoretical techniques like transition sate theory and quantum
collision theory, which concentrate on investigating a particular process.

Liu et al. [17] studied the effect of an initial pressure and palladium catalyst on the catalytic combustion of CH4 and air. They
demonstrated that the addition of a Pd catalyst significantly enhanced the TP of the simulated structure. The maximum Den. did not
significantly change when the pressure was increased, but the values for MV and MT changed regarding the restriction on atomic os-
cillations. Feng et al. [18] studied the methane combustion in the existence of Pt/Graphene catalyst utilizing MD simulation. The
findings demonstrated that the Pt@FGS reaction drastically lowers the activation energy compared to pure methane combustion, im-
proving catalytic activity. Wang et al. [19] simulated the reaction mechanism for NH3/CH4 Com.. The findings demonstrate that high
pressure complicates NH3/CH4 combustion process pathways by enhancing molecular/atomic collisions. Liu et al. [20] investigated
the mechanisms of CH4/H2 blended combustion by MD simulation. The findings indicated that as the temperature rises, the encourag-
ing effect of CH4 combustion lessens as hydrogen concentration increases. Habibollahi et al. [21] simulated Com. behavior of coated
Al hydride nanoparticles. The findings demonstrated that by increasing the atomic percentage of ethanol coating, HF increases from
3.88 to 7.01 W/m2, respectively.

Previous studies have shown that MD can accurately calculate the combustion behavior of different structures [22–24]. In previ-
ous research, combustion process and its characteristics affected different factors such as adding nanoparticles, catalysts, IT, and so on
were studied by many researchers. They demonstrated that better combustion and improved thermal behavior result from increasing
temperature and adding a catalyst.

According to earlier research, the catalytic combustion of air-methane had not been examined in relation to the atomic percentage
of oxygen and IT. This study used the MD method to examine how the IT and oxygen ratio affected the AB and TP of simulated struc-



Case Studies in Thermal Engineering 54 (2024) 104062

4

Q. An et al.

tures under EO and OD during air-methane catalytic combustion in helical microchannels. The AB and TB are investigated at different
temperatures of 300, 400, 500, 600, and 700 K, and by checking the maximum Den., MV, MT, TC, HF and CE.

2. Numerical method
2.1. MD simulation details

The MD method was utilized in this work to examine how IT affected the combustion process when various oxygen atom ratios
were present. Calculations were represented using the LAMMPS software [25,26]. The samples are in their most ideal condition when
there is a stoichiometric amount of oxygen within the simulation box. The samples were modeled in a Fe/Cu-microchannel by Avo-
gadro software as a 1 × 1 × 1 μm3 simulation box with a periodic boundary condition in all directions. The initial pressure and tem-
perature, set to 0 bar and 300 K, respectively, were controlled by the NPT ensemble and Nose-Hoover thermostat. By choosing con-
stant boundary constraints, it is possible to limit the size of atomic structures in three directions, and using periodic boundary require-
ments, it is possible to repeat certain directions. The boundary conditions are fixed. The initial and ultimate pressure and temperature
parameters must be established before the combustion process in this sample can be put into action by raising the simulation box's
temperature. The temperature and pressure of the simulated structures will thus be adjusted using the Nose-Hoover thermostat and
the NPT ensemble. The structure will equilibrate at 300K during the first simulation period. After the simulated sample has been
tested for atomic stability and thermodynamic equilibration and switched to the NVE ensemble, the temperature of the sample will be
increased until combustion occurs. A general flowchart of MD simulation and A schematic of the simulated structure under various
oxygen ratios (EO and OD) were shown in Fig. 1. Also, please see appendix A for more details about MD method.

3. Results and discussion
3.1. Validation

In this part, the RDF of O2 was calculated to validate the results of MD simulations. Physically, the RDF in an atomic structure rep-
resents particles’ relative arrangement. Calculating the RDF was a compelling way to recognize between different atomic structures,
agreeing with the basic concepts of the MD simulation. The atomic neighbors of the core atom are represented by the peaks formed in
the RDF of an atomic sample from a physical perspective. As a result, this function had a distinct peak for various gas-phase struc-
tures, after which its numerical value tended to be constant. On the other hand, the RDF for atomic structures in the liquid phase
showed a clear peak and multiple subsidiary peaks. Similar peaks of approximately equal size were expected for the radial distribu-
tion function of solid structures. Fig. 2 shows the radial distribution function of oxygen molecules defined after 10 ns and after observ-
ing the thermodynamic equilibrium in atomic structure. The pattern of this radial distribution function was not changed over time in
atomic samples, and consequently, it could be compared with previous results. Comparing this quantity showed an acceptable corre-
spondence between the simulations performed and previous studies [28,29], which showed the scientific validity of the results ob-
tained from MD simulations. Based on the diagram, the initial peak occurred after 10 ns near the 2.5 Å point.

3.2. Atomic behavior in the presence of EO
The combustion process was examined in artificial prototypes with too much oxygen following a sample equilibrium check. The

catalytic combustion of CH4 at a low temperature is becoming progressively key to controlling unburned CH4 emanations from nat-
ural gas vehicles and control plants. The presence of catalysts empowers the complete oxidation of CH4 at much lower temperatures
(ordinarily 400 K) so that the arrangement of toxins can be generally avoided [30]. Much research has been done concerning the ef-
fect of the IT (the temperature of entering the materials into the Com. chamber) on combustion of methane at low temperatures [31].
For example, Gu et al. [32] studied the burning of methane in combustion chamber with an IT = 400 K. Yan et al. [33] also investi-
gated the effect of IT on methane burning. Their results show that the conversion rate is high at 400 K and increases with increasing
temperature.

Fig. 3 depicts changes in maximum Den. with increasing IT and an abundance of oxygen. As can be seen, the maximum Den. with
an IT of 300 K was 0.131 atom/Å3. With the increase in IT, it went through an upward trend. To be more precise, by increasing the IT
from 300 K to 700 K, the density rose to 0.120 atom/Å3. Den. is inversely proportional to the temperature. Heating a substance
causes molecules to velocity up and spread slightly further apart, occupying a larger volume that decreases Den. [34]. The value of
maximum Den. in the presence of EO is displayed in Table 1. The results are consistent with those of Liu et al. [35]. Their results show
that the Den. decreases with increasing IT. The value of maximum Den. in the presence of EO is displayed in Table 1.

In Fig. 4, the MV changed by increasing IT and additional oxygen. The results demonstrate that a higher starting temperature
caused a higher sample velocity. The range of atoms' oscillations is increased by raising the IT, which also raises atom movements and
kinetic energy. As the kinetic energy raised, based on 2

1mv2 = 2
3KT the velocity of atoms increased [36]. Based on the diagram, by in-

creasing the IT from 300 to 700 K, the MV converged from 0.26 Å/ps to 0.45 Å/ps. The different values of sample MV concerning IT
changes are given in Table 1.

In the presence of EO, Fig. 5 shows the changes in MT with increasing IT. By raising the IT, temperature changes show an upward
trend as density and velocity increase. In other words, from an IT of 700 K, the highest temperature rose to 481 K. After ensuring the
atomic stability and thermodynamic equilibration of the simulated sample, changed to NVE ensemble the temperature of the sample
will be increased and the combustion process occurs. Catalytic combustion is made possible at lower temperatures than would other-
wise be feasible by the presence of a combustion catalyst. The findings demonstrate that when the IT increases, the head and move-
ment of the atoms also increase, increasing the velocity of the molecules. The temperature rises in direct proportion to the velocity of
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Fig. 1. a) The flowchart of the MD simulation [27]. A structure schematic with a) EO and b) OD.

the atoms, which in turn accelerates combustion process. Numerical values by increasing IT within the presence of EO are presented
in Table 1.

3.3. Thermal performance within the presence of EO
The amount of HF, TC, and CE by increasing IT in EO was considered to indicate combustion performance. Fig. 6 displays the mod-

ifications in HF in a simulated atomic sample brought on by adding varying levels of IT when there was a lot of oxygen. Based on the
results, the HF was 2046 W/m2 with an IT of 300 K. However, by increasing the IT to 700 K, the HF value converges to 2101 W/m2 as
a maximum value. Heat transfer is directly proportional to the velocity of molecules and temperature. As the IT increases, the range of
oscillations of atoms increases, and as a result, the velocity increases. Increasing the temperature and velocity makes heat transfer bet-
ter and faster [37]. Precisely, within the presence of EO, the value of HF increased by increasing the IT.
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Fig. 2. The RDF of O2 inside the simulation box after 10 ns.

Fig. 3. The change in maximum Den. by increasing IT within the presence of EO.

Table 1
The change in maximum Den., MV, and MT with increasing IT within the presence of EO.

IT (K) Maximum Den. (atom/Å3) MV (Å/ps) MT (K)

300 0.131 0.26 1617
400 0.130 0.32 1788
500 0.126 0.34 1805
600 0.123 0.39 1852
700 0.120 0.45 1891

Fig. 7 shows the changes in TC by increasing IT and an abundance of oxygen. As can be observed, the value of TC grew as the IT
did as well. According to the diagram, the TC with the IT of 300 K was 1.16 W/m.K. After increasing the IT to 700 K, the maximum
TC reached 1.23 W/m.K. Therefore, IT had a direct effect on simulated structures.

Additionally, Fig. 8 illustrates the information about CE changes by increasing IT in the presence of extra oxygen. The findings
demonstrate that the value of CE increased to 93 % with an IT increase of 700 K. These findings show that raising the IT enhanced the
structure's CE. The results are consistent with those of Geng et al. [38]. The changes in HF, TC, and CE with incrementing IT within
the presence of EO are displayed in Table 2.

To ensure complete combustion of the fuel used, combustion chambers are supplied with excess air. Excess air increases the
amount of oxygen to combustion and the combustion of fuel (Fig. 9). The CE increases with increased excess air - until the heat loss in
the excess air is larger than the heat provided by more efficient Com. [39]. The chemical structure of the hydrogen molecule is the
H–H band, which requires less energy for breakdown, and hydrogen induces catalytic surface chemical reaction under low reaction
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Fig. 4. Change in MV with increasing IT within the presence of EO.

Fig. 5. The change in MT over the IT within the presence of EO.

Fig. 6. The change in HF by increasing IT within the presence of EO.

temperatures. The CE is high and near 89 % when IT is specified with a fixed value of 400 K, and CE is near 93 %, along with IT in-
creases to 700 K.

According to the diagram above, increasing oxygen diminishes efficiency. CE initially increments with increasing EO levels and
then diminishes. This is due to increased CO and hydrocarbon emissions as the excess air level increases to higher levels [41].
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Fig. 7. The change in TC by increasing IT within the presence of EO.

Fig. 8. The change in CE by increasing IT within the presence of EO.

Table 2
The change in TC, HF, and CE by increasing IT in the presence of EO.

IT (K) HF (W/m2) TC (W/m.K) CE (%)

300 2046 1.16 89
400 2051 1.18 90
500 2066 1.20 92
600 2088 1.21 92
700 2101 1.23 93

3.4. Atomic behavior in the presence of OD
This study section discovered how the simulated sample's AB changed when the IT increased and OD was present. Fig. 10 displays

the changes in maximum Den. caused by rising IT and a lack of oxygen. The volume is directly proportional to the IT, whereas the
Den. of the substance is inversely proportional to the volume, and thus, it is inversely proportional to the IT. If we raise the IT, the
Den. of the substance decreases and vice-versa. As observed, when an IT of 700 K was applied, the maximum Den. converged to 0.087
atom/Å3. It is concluded that there was an upward trend in the density of simulated samples related to increasing IT. According to the
findings, raising the IT when there was an excess of oxygen had a greater effect on increasing the sample density than when there was
an OD.

Additionally, the changes in MV caused by raising the IT when there was an OD were examined in Fig. 11. By raising the IT, the
sample's MV increased as a Den.. From a numerical perspective, by raising the IT from 300 K to 700 K, the simulated sample's MV in-
creased from 0.28 Å/ps to 0.38 Å/ps.
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Fig. 9. CE diagram in terms of excess air [40].

Fig. 10. The maximum Den. changes by increasing IT in the presence of OD.

Fig. 11. The change in MV over IT in the presence of OD.
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Fig. 12. The change in MT over IT within the presence of OD.

Table 3
The change in maximum Den., MV, and MT with increasing IT in the presence of OD.

IT (K) Maximum Den. (atom/Å3) MV (Å/ps) MT (K)

300 0.095 0.28 539
400 0.093 0.30 552
500 0.091 0.33 616
600 0.088 0.34 721
700 0.087 0.38 803

Fig. 13. The change in HF by increasing IT within the presence of OD.

In Fig. 12, it was examined how the MT changed as the IT increased when there was an oxygen deficiency. As a consequence, the
temperature value increased and converged from 539 K to 803 K when the IT rose from 300 K to 700 K. Table 3 lists the numerical
values of maximum Den., MV, and MT. The IT had a higher effect on raising the sample IT when there was an OD.

3.5. Thermal performance in the presence of OD
HF, TC, and CE parameters were then examined with an increase in IT while an OD was present to assess thecombustion perfor-

mance. The IT changes in HF in the presence of OD are shown in Fig. 13. An increase in IT caused an increase in HF. Numerically, by
increasing the IT from 300 to 700 K in the simulated sample, HF converges from 2049 to 2120 W/m2. Increasing HF can be a sign of
optimal TP.

Fig. 14 depicts the change in TC by rising IT when there is a lack of oxygen. The findings show that by raising the IT from 300 to
700 K, the HF of the simulated sample increased from 1.23 to 1.29 W/m. K. As a result, OD caused the sample's HF to increase more
than the oxygen surplus did.
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Fig. 14. The change in TC by increasing IT within OD's presence.

Fig. 15 depicts the changes in CE caused by an increase in IT and OD. With an IT change of 700 K, the value of CE converges to
94 %. The CE of the simulated sample varied as a consequence, depending on whether there was an EO or OD. In general, the IT had a
greater effect on TP in OD than in the presence of adequate oxygen, maximizing the thermal behavior. Generally, the IT in the pres-
ence of OD is more effective on the TP of the sample than in the presence of EO, optimizing the sample's thermal behavior. Incom-
plete air causes incomplete combustion, and as a result, less carbon dioxide is produced and reduces CE. Table 4 lists the numerical
values of HF, TC, and CE changes.

4. Conclusion
The effect of IT with various values of 300, 400, 500, 600, and 700 K on air-methane catalytic combustion in the presence of vari-

ous oxygen atom ratios was explored in the current research. LAMMPS software was used to complete this investigation in 20 ns un-
der the direction of MD. The structure's atomic and Com. performance was then examined in response to changes in maximum Den.,
MV, MT, HF, TC, and CE. The main outputs of current research can be categorized as follows:

Fig. 15. The change in CE by increasing IT in the presence of OD.

Table 4
The change in HF, TC, and CE by increasing IT in the presence of OD.

IT (K) HF (W/m2) TC (W/m.K) CE (%)

300 2049 1.23 92
400 2069 1.24 92
500 2080 1.26 93
600 2092 1.28 94
700 2120 1.29 94
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• In the presence of EO, the Den., MV, and MT increase as the IT increases. By increasing the IT from 300 K to 700 K, the Den.
decreased and reached the maximum value of 0.120 atom/Å3. Moreover, the MV of the sample increases from 0.26 A/ps to 0.45
A/ps. Moreover, the MT converges to 1891 K by increasing the IT.

• In the presence of EO, combustion performance of the simulated sample improves by increasing the IT. In other words, HF, TC,
and CE increase by rising IT.

• In the presence of EO, by increasing the IT from 300 K to 700 K, the HF converges from 2046 to 2101 W/m2, and the TC reaches
from 1.16 to 1.23 W/m.K, and CE increases from 89 % to 93 %.

• In the presence of OD, increasing IT caused an increase in atomic behavior parameters, such as Den., MV, and MT. To be more
precise, by increasing the IT from 300 to 700 K, the Den. of the sample converged from 0.095 to 0.087 atom/Å3, the MV of the
simulated sample increased from 0.28 to 0.38 A/ps, and the MT reached 803 K.

• In the presence of OD, the combustion performance of the sample was optimized by increasing IT from 300 to 700 K. Precisely,
HF, TC, and CE reached 2120 W/m2, 1.29 W/m.K, and 94 %,

• Comparatively, the IT increase in the presence of OD in the simulated sample was more than in EO.

Future work
The aim of this article was the effect of IT (inlet temperature) and oxygen content in the catalytic combustion process in the helical

microchannel. In future works, the authors will investigate the effect of the type and shape of the microchannel on combustion
process.
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Appendix A
A-1. MD method

MD simulation approach uses the thermodynamic, equilibrium, and transfer properties of materials in diverse phases (solid, liq-
uid, and gas) using physical attributes such as force, velocity, and particle position. The MD simulation approach calculated the mo-
tion of particles shown in a model system as they interacted and exerted forces on one another over an extended period of time.

The MD simulation method is a specific method based on Newton's second law. By integrating Newton's second law, the path of
particle movement (including location, velocity and particle) is obtained, and by averaging the obtained values, the macroscopic
properties of the system can be obtained. The reason why this method is specific is that by determining the location and velocity of
each particle in the current time, the state of a particle-based system in the past and future can be predicted at each time step, and
communication can be established between them. In a general summary, it can be said that the MD simulation method is a standard
method that allows the calculation of forces and energies between particles at any given temperature [25].

The MD simulation method is a reliable and reliable method for studying at micro and nano scales. The process of phase change
and their effects on heat transfer should be used in detail. In fact, all these methods are a bridge between quantum mechanics and
macro (continuous) scale mechanics, which are used to model particle-based systems depending on the length and time scales of the
problem [26]. As a result, in this research, the catalytic combustion of methane/air was investigated by means of MD simulation. Us-
ing simulation results, it is possible to predict the behavior of other gases and use its results in various industries such as aerospace,
petrochemical, steel industries, etc.

This method obtains the movement path of the particles by solving Newton's equations of motion, and this is done with an external
force (Fi) which is obtained from the potential function (U) and enters the particle i [27]:

Fi = miai = −∇iU = −
dU

dri

(a-1)

After setting the initial circumstances, the intermolecular and intramolecular forces are calculated and integrated using the equa-
tions of motion. The velocity-Verlet algorithm is one of the most common and fast algorithms [28,29].

The equilibrium method applying Green-Kubo function (Eqs. a-2 and a-3) was used to study the TC of simulated system [30]:
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K =
V

kBT2∫
∞

0

(
Jx (0) Jx (t)

)
dt =

V

3kBT2∫
∞

0

(J (0).J (t)) dt (a-2)

where V is the volume that the simulation's current particles have taken up, KB denotes Boltzmann's constant, T denotes the tempera-
ture, and J denotes HF. The mean of the HF matching function is referred to by the term within the integral, on the other hand. The HF
vector is obtained from the equation shown below [30]:

J =
1

V

[∑
i

Eivi −

∑
i

Sivi

]

=

1

V

[∑
i

Eivi −

∑
i<j

(
fijvj

)
xij

]
(a-3)

=
1

V


i

Eivi −
1

2


i<j


fij.


vi + vj


xij



In Eq. (3), j and i are two carbon atoms at the two ends of bond, and Ei is the total energy for each of the particles in the system, vi
is the velocity of particles, Si is the entropy of system, fij is the force, and V is the total volume. The specification of the potential func-
tion and interparticle forces is a crucial element that must be considered in the MD simulations. Definitions of potential functions or
descriptions of words pertaining to the interactions of system components are necessary for the MD simulation. The interactions are
often split into two categories: bonded interactions and non-bonded interactions [25,31,32]. The interaction potential of particles is
studied by means of the Lennard-Jones (LJ), Embedded Atom Model (EAM), and Coulomb potential functions. The common model of
atomic bonding in metal systems, which is expressed as follows, is shown by the potential function of EAM [25]:

Ui =

N−1∑

i=1

N∑

j=i+1

𝜑

(
rij

)
+

N∑

i=1

F
(
𝜌i

)
(a-4)

where the interatomic energy and potential embedding function are denoted by Φ(rij) and F(ρi), respectively. A simple mathematical
model called the LJ potential function is used to approximation the interactions among neutral particles [31]:

ULJ = 4Aij

[(
𝜎ij

rij

)12

−

(
𝜎ij

rij

)6
]

r < rc (a-5)

where, εij is the depth of potential well, σij is the finite distance in which the potential is zero, and rc shows cut-off radii. The numerical
values of εij, σij, and rc for all particles are reported in Table a- 1.

Table a-1
LJ potential parameters [33,34].

Atom ε (kcal/mol) σ (Å) Cut-off radii (Å)

H 0.044 2.886 12
O 0.06 3.500 12
C 0.105 3.851 12
Pd 0.048 2.899 12

The εij and σij of each particle are obtained as follows [33]:

Aij =
√
AiAj (a-6)

𝜎ij =

𝜎i + 𝜎j

2
(a-7)

The following diagram illustrates how Coulomb's potential function is used to calculate the static electric charge forces that absorb
or repel particles [32]:

Uij (r) =
−1

4𝜋A0

qiqj

rij
2

(a-8)

A-2. Stability Process
By analyzing kinetic and total energy changes by the NPT ensemble, the simulated sample at 300 K and 0 bar arrived to equilib-

rium. A reversible process is said to be in dynamic equilibrium when the forward and reverse processes occur at the same rate, result-
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ing in no observable change in the system. Convergence in MD simulation has a well-known definition: we discovered a set of atomic
coordinates matching to a local Energy minimum as a function of the selected force field [39,42,43]. The convergence idea in MD
simulation was based on "Ergodic Hypothesis: The long time average was equal to the ensemble average in the limit of an infinite
number of members in the ensemble" [40]. As noted above, it depended on what quantity we were looking at. Convergence of Energy
(potential, kinetic, total), temperature, etc. Fig. A-1 shows the changes in the simulated sample's kinetic and total energy during the
course of the experiment. The kinetic energy value quantitatively converged to 223.07 V after 10 ns. This finding supports the notion
that atomic sample kinetic energies converged. The atomic samples' equilibrium will be shown by this convergence to a certain value
brought about by a reduction in this amount's change range. The total energy also converged at −610.5 eV. The fact that this quantity
is negative shows that interatomic attraction forces are more powerful than the mobility of the atomic sample. In light of this, the to-
tal energy convergence to a negative value in atomic samples indicates thermodynamic equilibrium in samples defined at the IT. The
equilibration of the atomic structure was made possible by the simulation's lengthy enough runtime, as seen by this convergence.

Fig. A-1. The change in a) Kinetic and b) Total energy of the simulated structure.

The study of the thermal behavior of the structure following the combustion process. The parameters of HF, TC, and CE were in-
vestigated for this purpose. In addition, maximal density, velocity, and temperature parameters were investigated in order to study
atomic behavior.
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