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Ignition and combustion of Aluminum nanoparticles (ANPs) under complex environments are of great signifi-
cance for various propulsion systems. In this study, we investigated the oxidation process of ANPs in Oz, COq,
H,0, and their mixture atmospheres using reactive molecular dynamics. In the mixture atmospheres, ANPs
experience a shorter ignition delay and parts of C and H atoms are involved in a new reaction named re-
oxidation, where the nonbonded C and H inside ANPs detach from particle and re-bond with free O in the

environment to produce extra CO and H»O. It reduces C and H in unreactive diffusion and increases O in reactive
diffusion. Additionally, it is found that the ignition delay time and reaction heat release can be adjusted to
achieve the optimal performance of ANPs combustion by tailoring the contents of Oy, CO3, and Hy0 in the
environment. Our works provide a theoretical basis for the precise regulation of ANPs energy release.

1. Introduction

Aluminum particles, owing to their high enthalpy, high specific en-
ergy density [1], and non-toxic products [2], have been widely used in a
variety of propulsion systems [3-6]. The difficulty of ignition and
combustion of aluminum microparticles [7] brings great challenges to
their practical application. Therefore, Aluminum nanoparticles (ANPs)
have attracted more and more attention for their remarkable perfor-
mances, such as high specific surface area, low ignition temperature,
and high reaction rate [8].

In recent decades, a lot of researches have been conducted on the
reaction mechanism of ANPs, and the effects of alumina shell structures
[9], diffusion rate of aluminum and oxygen atoms [10], particle size
[11], phase transition [12], shell melting and core reacting [13], and
environmental temperature and pressure [14,15] have been analyzed by
experiments and simulations. Besides, the oxidizer property in the at-
mosphere is also a significant factor in the ignition and combustion
process of ANPs. Oxygen is the most important oxidizer for ANPs com-
bustion and has been extensively studied. Rai et al. [16] established the
diffusion combustion model of ANPs in Oy They argued that oxygen
diffused from the outer surface of the particle to the reaction surface
during combustion, while aluminum diffused from the core/shell
interface to the reaction surface. Based on the direct simulation Monte
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Carlo (DSMC) and CFD simulations, Zou et al. [17] proposed a theo-
retical model to describe the ignition characteristics of aluminum par-
ticles burning in the O, atmosphere. Two formulas were obtained to
predict the ignition temperature and ignition delay time for nano/mi-
croparticles. Zhang et al. [18] employed molecular dynamics simula-
tions to explore the oxidation process of ANPs with a diameter of 5 nm
under different oxygen concentrations. They observed that the oxidized
ANPs would form three morphological structures as the oxygen content
increased: core-shell structure, core-chain structure, and oxide cluster.
Li et al. [19] found that when ANP was burning in a high-temperature,
high-density O, atmosphere, a micro-explosion phenomenon occurred,
accelerating the oxidation process. Experimental results of Tang et al.
[20] also proved that ANP would experience mild oxidation to micro-
explosion with the increasement of O, concentration.

However, in practical applications, ANPs often burn in an oxygen-
deprived environment. During Mars exploration, COy is the primary
oxidant to provide energy for the propulsion system [21]. In addition,
the reaction between ANP and H»O is also a technical means of making
hydrogen, a potential energy source [22,23]. Therefore, the reaction
between ANP and CO,/H50 has gradually received researchers’ interest.
Chu et al. [24] simulated the burning of ANPs in three typical oxidizers
(0, COg, and H20). They revealed three modes of ANP oxidation,
including physical and chemical adsorption on the surface and
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Table 1

Information on six system settings.
System Noz Ncoz Nuzo
ANP-O, 2700 0 0
ANP-CO, 0 2700 0
ANP-H,0 0 0 2700
ANP-O; + CO, 1350 1350 0
ANP-O, + H,0 1350 0 1350
ANP-O; + CO, + H20 900 900 900

subsequent reactive diffusion inside the ANP. Meanwhile, They also
observed that the reaction between ANP and CO, would produce CO gas,
which was consistent with Masatoshi [25] and Brandstadt et al. [21].
Zhu et al. [26] studied the oxidation kinetics of ANP in CO, and obtained
the activation energies of the two oxidation stages, which were 206.38
KJ/mol and 305.76 KJ/mol, respectively. In the study of reaction be-
tween ANP and H,0, Saceleanu et al. [27] reported that two rate-
determining stages existed in the micro/nano aluminum powder-
liquid water system. These two stages were controlled by redox re-
actions and mass transport, respectively. Simulations by Russo et al.
[28] demonstrated that the concentration of HyO molecules had an
important effect on the dissociation process of the ANP clusters.

In recent years, molecular dynamics (MD) simulations have been
extensively performed to observe the behaviors of atoms during the
oxidation process of ANP. However, most of the previous researches
concentrate on the reaction of ANP with a single oxidant (O3, CO3, or
H0) [10,24,28]. As far as we know, there are few systematic simula-
tions on the ignition and combustion of ANP in a complex mixture
environment. In this work, the ReaxFF molecular dynamics method was
employed to simulate the heat transfer and gas-particle reaction of
core-shell ANP under different hot pure/mixture atmospheres. The ef-
fects of oxidant components on the ignition delay time and reaction heat
release of ANP were obtained. The results of this paper are expected to
provide theoretical guidance for the control of ANPs ignition and com-
bustion in complex environments.

2. Method
2.1. Reactive force field

The ReaxFF reactive force field is commonly used in molecular dy-
namics, and it is performed in the simulations of most elements in the
periodic table [29-33]. The parameters of ReaxFF are derived from

experimental results and the principles of quantum mechanics. ReaxFF
reactive force field is based on a bond-order mechanism to describe the
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Fig. 2. Ignition delay time (left part) and contributions of heat transfer and
reaction heat release before ignition (right part) in the six atmospheres.
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Fig. 3. Average heat transfer rate of oxidizers before ignition (the left axis) and
the number of cAl-sO bond at ignition (the right axis) in the six atmospheres.
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Fig. 1. Snapshots of models: (a) the core-shell ANP; (b) the oxidizers mixtures of O,, CO,, and H,0; (c) the initial configuration of ANP surrounded by oxidizers.
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Fig. 4. Variation of (a) O, (b) CO,, and (c) HyO in six environments. The
oxidizer concentrations are normalized by initial values. The star symbols
represent ignition time.

formation and breaking of chemical bonds [34], and it is capable to
compute the large-scale reactive systems (>1000 atoms), which is
challenging to be described by DFT or nonreactive force fields. It has
been proved that ReaxFF reactive force field can precisely characterize
the microstructure of metal particles and it is suitable for simulating the
physicochemical evolution of metal particles burning in oxidizers [35].
A systematic overview of the development, applications, and future di-
rections of ReaxFF can be seen in reference [36] by Senftle et al. [36].

Bond-order between atom i and j (BOy) can be directly calculated
from the distance r;j. The computation method is given as
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BO; = BOZ- +BOj + BO}
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where p,, terms are empirical parameters. 15, 5, r5” are equilibrium
bond lengths of 6, & and nx bond character, respectively.
Due to the description of bond formation and breaking, the expres-

sion for total energy used in the ReaxFF is calculated by
Esyslem = Ebond + Eover + Eunder + Elp + Eva + Eiors + Evawaas + Ecoutomb (2)

in which Egygten is the total energy of the system. Epond, Eovers Eunder,
Elp, Eval, Etors denote bond energy, overcoordination energy, under-
coordination energy, lone pair energy, valence angle energy, and torsion
angle energy, respectively. All of the above are bonding interactions
energy, the van der Waals energy (Eyqwaals) and Coulomb energy
(Ecoulomb) are nonbonded interactions energy, which are calculated
separately.

The parameters of ReaxFF adopted in this paper can be found in the
literature by Hong and van Duin et al. [37]. The same parameters were
conducted by many other scholars to explore ANPs’ ignition and com-
bustion [38], aggregation and sintering [39], and ethanol oxidation over
ANP [40].

2.2. Simulation details

To simulate the ANP combustion in different atmospheres, a core—
shell structure ANP model with a diameter of 6 nm Al core and 1 nm
thickness alumina shell was first constructed. The oxide shell of ANP was
amorphous, which was formed by annealing the a-alumina. The number
of core Al (cAl), shell Al (sAl), and shell O (sO) were 5388, 5778, and
8540, respectively. Then, the core-shell ANP relaxed for 160 ps under
canonical ensemble (keep the number of atoms, volume, and tempera-
ture conserved, denoted as NVT) to obtain a more stable structure. The
initial temperature of ANP was set as 300 K, and it was placed in the
center of a 160¢)160¢)160 A cubic box with periodic boundaries in all
three directions. Moreover, a variety of typical oxidizers atmospheres
models were established. Molecules in all atmospheres were randomly
distributed, with a total number of 2700. All the oxidizers models were
relaxed for 40 ps under NVT at 2000 K. The temperature of ANP and
oxidizers were controlled by a Nose/Hoover thermostat. Finally, initial
pre-oxidation systems were completed by combining the low-
temperature core-shell ANP with the high-temperature oxidizers. The
oxidation of ANP under different atmospheres was carried out in the
microcanonical ensemble (keep the number of atoms, volume, and total
energy conserved, denoted as NVE) with a timestep of 0.2 fs for 160 ps.
This Non-Equilibrium Reactive Molecular Dynamics simulations were
also employed by Rajabpour et al. to examine the heat transfer between
a silver nanoparticle and surrounding water [41]. The timestep was
proved to be suitable in references [15] and [39]. The temperature
damping parameter was chosen to be 20 fs, 100 times of timestep.
Detailed information on different systems is listed in Table 1. System
ANP-O, means the ANP is surrounded by oxidizers consisting of O, and
so on. Nog, Ncoy, and Ny2o represent the number of O,, CO5, and H0.
Fig. 1 shows the ANP model, oxidizers model, and initial configuration
ready for subsequent oxidation simulation in system ANP-Oy + COy +
H,0. All the molecular dynamics simulations and visualization in this
paper were performed by LAMMPS [42,43] and OVITO [44],
respectively.

3. Results and discussion
3.1. Heat transfer and reaction heat release before ignition

In the early oxidation stage, a lot of heat will be transferred to ANP
due to the high gas temperature. In addition, accompanied by the re-
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Fig. 5. Schematic diagram of (a) collision, (b) unreactive diffusion, (c) reactive diffusion, and (d) re-oxidation in system ANP-O, + COx.

Fig. 6. Trajectory capturing the unreactive diffusion and detachment of C atom
(grey, Al atom; red, O atom; black, C atom). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

action between ANP and oxidizers, a large amount of reaction heat will
be generated. Both the heat transfer (Quqns) and reaction heat release
(Qreqcy) Will increase the temperature of ANP, resulting in ANP ignition
(the moment of core Al atoms consumption rate reaches its maximum).
Thus, the ignition delay time (tig), Qurans and Qreqcr before ANP ignition in
the six atmospheres were examined, and the results are shown in Fig. 2.
The contribution of Qugns and Qyeqc: is calculated by [45]

AE

=3k

3

where Np is the number of ANP atoms, and kg is the Boltzman con-
stant. AE represents the energy variation of the oxidizers kinetic and
system potential energy in the calculations of Quqns and Qreqct-

It can be seen in Fig. 2 that t;; of mixed oxidizers environments are
shorter than that in pure oxidizers environments. For example, t;; of
system ANP-O; + CO; is smaller than that of system ANP-O; and system
ANP-CO,, as well as system ANP-O5 + H>0, ANP-O5, and ANP-H50. And
tig of system ANP-O3 + CO2 + HO is the shortest. Additionally, the right
part of Fig. 2 shows that the total energy of ignition in different initial
atmospheres is almost the same. It indicates that the ignition of ANP is
independent on the oxidizers, which is consistent with the results of Chu
et al. [24]. In the pure oxidizer systems (ANP-O3, ANP-CO,, and ANP-
H30), heat transfer to ANP in the H,0 environment is much larger than
that in the Oz and COs. Even in the mixed oxidizers systems (ANP-O3 +
CO9, ANP-O5 + H50, and ANP-O5 + CO3 + H30), Qpans increases when
the oxidizing environment contains HO molecules. However, compared
with heat transfer, reaction heat release plays a more significant role in
particle’s ignition. Though Qggns of system ANP-H,0 is more than
others, it experiences a long ignition delay time.

To further illustrate the heat transfer capacity of oxidizer molecules
in the early stage of oxidation of ANP, the average heat transfer rate of
different ambient gases (denoted as Q,.,,.) before ignition was investi-
gated. (Since the duration of heat transfer from gas to ANP before
ignition is different in the six environments, Q;,,; can better reflect the
heat transfer capacity of different oxidizers.) As shown in Fig. 3, in the

environment of three pure oxidizers, the relationship of heat transfer

. <H20 _=CO2
capacity can be expressed as Q. >Qyrans>

—~02+H20 _=02+CO2+H20 _ =02+CO2 .. =02  —=CO2 <H20 .
Qtrans >Qtrans >Qtrans : In addltlon’ Qtraﬂs’ Qtrans’ and Qtraﬂs n

the mixed oxidizers still follow the relationship in the pure oxidizers.
The red curve in Fig. 3 shows the number of cAl-sO bond at ignition,
which can reflect the core-shell reaction to a certain extent. It can be

=02 . Lo
Qprans- In the mixed oxidizers,
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Fig. 7. (a)The number of oxidizer atoms collide into particle (N,.), and (b) corresponding fraction of oxidizer atoms in unreactive diffusion in the system ANP-O, +

CO, + H,0. The shadow region represents the ignition stage.
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Fig. 8. Variations of HyO™ and CO™ during the re-oxidation process in the
system ANP-O; + CO, + Hy0. The illustrator shows the formation of H,O™ and
CO™ on ANP surface.

seen that the cAl-sO bond will be more in the atmosphere with a high
average heat transfer rate. This is because the gas transfers more heat to
the particle, causing the atoms in the particle move more violently.
Then, the outward diffusion of cAl and the inward diffusion of sO are
accelerated, and the cAl-sO bond will be created more easily.

3.2. Reaction mechanism between ANP and oxidizer mixtures

3.2.1. Number of oxidizer molecules

As mentioned in Section 3.1, the reaction heat release is the main
factor in the ignition of ANP. In this section, the number of oxidizer
molecules during the oxidation will be discussed. The variation of
ambient gas molecules is plotted in Fig. 4. Normalization was performed
due to the difference in the number of initial gas molecules (Ot
conitial and H,0™Mita) in the six environments. In Fig. 4 (a) and (b), O
and CO; are consumed lightly before ignition. After ignition, the con-
sumption rate of the two increase rapidly with the acceleration of the
reaction. In the mixed oxidizer environments, the consumption fraction

of Oz and CO-, are larger than that in the pure oxidizer environments.
Unlike Oy and CO,, the number of HoO molecules (Fig. 4c) decrease
quickly in the early stage. In the system ANP-H,O, after a sharp drop, the
number of Hy0 molecules remain stable until ignition, indicating no
extra HyO participate in the ANP oxidation at this stage. However, in the
system ANP-O, + H0 and ANP-O, + CO2 + H30, the number of H,O
increases slightly around ignition. It means that a few HoO molecules are
generated during this period. Then, just like O3 and CO4, H>0 molecules
also undergo a process of rapid consumption. At the end of the simula-
tion, it is also observed that the proportion of H;O consumed in the
mixed oxidizer environments are more significant than that in the pure
H0 environment. In short, compared with pure oxidizer atmospheres,
the oxidation of ANP in mixed oxidizer atmospheres consume more gas
molecules.

3.2.2. Reaction modes in oxidizer mixtures

The oxidation and combustion of ANP is the process of mutual
diffusion between oxidizer atoms and particle atoms [15]. After
diffusing into particle, a part of oxidizer atoms will bond with Al, while
some will not. Taking the system ANP-O + CO; as an example, Fig. 5
shows the three reaction modes oxidizer atoms involved in after
colliding into particle. The CO, molecule slowly approaches ANP and
collides with it. After the collision, the C—O bonds in the CO5 molecule
break. Then, C and O diffuse into ANP. The two O atoms are involved in
reactive diffusion mode, bonding with Al atoms in the particle (Fig. 5¢),
while C atom does not (Fig. 5b). As the reaction proceeds, a new mode is
observed: re-oxidation. If O, exists in the environment, the free O (from
the O-O bond breaking in the environment O5) slowly approaches ANP.
At the same time, the nonbonded C detaches from the ANP and bonds
with the free O, producing CO. Finally, the CO diffuses into the envi-
ronment. The collision, unreactive diffusion and reactive diffusion in
Fig. 5(a), (b) and (c) is the basic process of ANP combustion [24].
However, the re-oxidation in Fig. 5(d) only appears in the mixed
oxidizer environments. It allows the oxidizer atoms, which do not bond
with ANP atoms, to bond with the free gas atoms, and further increase
the reaction heat release. The experimental results of aluminum particle
combustion in different oxidizing environments [46] may be explained
by this oxidation process.

Typical MD trajectory of C is captured as indicated in Fig. 6 to
illustrate the unreactive diffusion and re-oxidation. The O atoms in the
gas are not shown in Fig. 6. At 48 ps, C atom appears near the ANP. After
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Fig. 9. Proportions of oxidizer atoms in unreactive, reactive diffusion, and re-oxidation at the end of the simulation in the six atmospheres.
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Fig. 10. Proportions of (a) C, (b) H atoms in unreactive diffusion at the end of simulation (t = 160 ps).

the collision of CO5 molecule and ANP, the C atom diffuses into particle.
The snapshot in the lower right shows the unreactive diffusion C at 96
ps. Then, the C atom moves to the surface of ANP and detaches. Finally,
at 150 ps, it appears in the distance. In fact, C atom has been bonded
with O atom in oxygen at this moment. But it should be noted that from
48 ps to 150 ps, the C atom does not bond with Al or O in the ANP.

Based on the analysis above, oxidizer atoms fall into two categories
which collide into the particle or move in the environment. Moreover,
oxidizer atoms collide into particles contain unreactive diffusion and
reactive diffusion. The unreactive diffusion oxidizer atoms do not bond
with particle atoms. These atoms occupy binding sites around Al and
transfer a lot of heat to ANP. When there exists another oxidizer in the
environment, these atoms may be re-oxidized. Owing to the energy
release of bonds, the oxidizer atoms in reactive diffusion and re-
oxidation are the key sources of reaction heat release.

Furthermore, taking system ANP-O5 4+ CO2 + H50 as an example, the
number of oxidizer atoms collide into particle and the fraction of

unreactive diffusion (f,q), defined as the ratio of the number of
unreactive diffusion oxidizer atoms to the number of oxidizer atoms
collide into particle (Eq (4)), are plotted in Fig. 7 to illustrate the
behavior difference of C, H, and O atoms.

Nud _ Nud

fg=— =l 4
¢ Noc Nud + Nrd ( )

where N4, N;4, and N,. are the number of oxidizer atoms in
unreactive diffusion, reactive diffusion, and collide into particle.

Asseen in Fig. 7(a), H atoms collide into particle are the fastest at the
initial stage of the reaction. These high-temperature H atoms transfer
plenty of heat to ANP. Thus, the average heat transfer rate of HpO in
Fig. 3 is the largest. At the stage before ANP ignition (shadow in Fig. 7),
the N, of H atoms rises rapidly and then falls, indicating that parts of H
atoms break away from the particle and diffuse into the environment.
Compared with H atoms, the N, of C atoms reaches a peak at about 100
ps, and it drops thereafter. This trend indicates that after 100 ps, the rate



Y. Zhou et al.

80

70 68.7%

61.5% 63.2%

60 57.7%

50 48%

40

ord (%)

30

20

10

Cco, 0,+Co, H,0 0,+H,0 0,+CO,+H,0
Fig. 11. Proportion of reactive diffusion for O atoms in the oxidizers at the end

of the simulation (t = 160 ps).

of C atoms collide into particle is less than that diffuse outward to the
environment. The N,. of O atoms keeps increasing during the whole
reaction. At the end of the simulation, the N,. of O atoms is the most,
which reaches 513, more than that of H and C, 405 and 252, respec-
tively. Observing the curves in Fig. 7(b), the f;4 of H atoms is almost 100
% before ignition. It means that these H atoms hardly bond with Al
before ignition. The f,4 of C atoms decreases slightly faster than O at the
initial stage. But at the stage of 15-50 ps, it is relatively stable. The
reason should be that with the accumulation of C atoms on the particle
surface, the reaction of subsequent C atoms is hindered [24]. At this
stage, the f,4 of O atoms shrinks rapidly, and exceeds that of C atoms.
After the ignition of ANP, the f,4 of C, H, and O atoms drops fleetly. After
75 ps, the f,4 curve of H atoms does not decrease significantly, and the
N curve is still increasing. It illustrates that the reaction rate of H atoms
tends to be stable. Likewise, after 100 ps, the f,,4 of C atoms almost does
not decrease, but the N, curve shows a small drop, indicating that C
atoms mainly undergo re-oxidation reaction at this stage, a large amount
of C atoms diffusing outward. As for O atoms, its f,,4 is the lowest. Almost
all the O atoms colliding into ANP are involved in reactive diffusion,
bonding with Al

The variations of H,O and CO generated by re-oxidation (denoted as
H,0"™ and CO™) and the re-oxidation process in system ANP-O; + CO,
+ H0 are shown in Fig. 8. After HoO molecule collides into particle, the

rjg(ps)
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O atom bond with Al, while H atoms do not. At the stage of H atoms
diffuse outward in Fig. 7(a), H20™ begin to appear, which means that re-
oxidation occurs at this time. H atoms bond with free O in the envi-
ronment and produce extra HO. This is why the number of HyO in Fig. 4
(c) slightly increases. Similarly, the number of CO™ begins to rise at
about 75 ps, indicating that parts of C atoms experience re-oxidation and
produce CO.

3.2.3. Influences of re-oxidation

In mixed atmospheres, re-oxidation will influence the behavior of
oxidizer atoms. The fraction of oxidizer atoms in unreactive (including
moves in the environment and unreactive diffusion), reactive diffusion,
and re-oxidation (denoted as f,, fr4, and f.) in different environments are
examined as shown in Fig. 9. They are calculated by

Ne + Nug
f, =~ ®)
Ntolal
Nrd
fr = (6)
¢ Nlolal
N
fr =— (7)
¢ leal

where Niyq is the total number of oxidizer atoms in different at-
mospheres. Ne, Nyg, Nyg, Ny, are the number of oxidizer atoms move in
the environment, unreactive diffusion, reactive diffusion, and re-
oxidation, respectively.

Based on the definition of reactive diffusion, it occurs between par-
ticle atoms and oxidizer atoms, which can reflect the oxidation degree of
ANP. In Fig. 9, the lowest f,q is the ANP-CO5 system. Only 48 % of the
8,100 gas atoms participate in reactive diffusion. And the f;4 in system
ANP-O,, is the largest, indicating that the oxidation degree of ANP in Oy
environment is the highest. When adding O in pure CO5 or H3O, the f;4
will increase lightly. Moreover, in mixed gas environments, the f,
significantly decreases due to the re-oxidation. In the system ANP-O, +
COg, the f,, is only 43 %, which is 9 % lower than the system ANP-CO,.
And 5 % gas atoms are involved in re-oxidation. Similarly, in system
ANP-O3 + H20, the f,,is 11.5 % lower than that in system ANP-H,0, and
its fre is 6 %. In the system ANP-O, + CO + H3O0, the f, is only 36 %, and
the f;. even reaches 10 %. Notably, compared to system ANP-CO, and
ANP-H;0, the f; in system ANP-O; + CO3 and ANP-O; + Hy0 decrease
significantly. It is because that plenty of nonbonded C and H atoms
detach from the ANP, causing other gas atoms diffusion into ANP and
bond with Al increasing the reaction heat release.

To explore the influence of re-oxidation on C and H atoms

(b) 0 Qr..m-,(Ké 500
3000

< 2500
2000

100, 1500

0 25 50 75
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Fig. 12. (a) Ignition delay time and (b) reaction heat release in different atmospheres. Chain-dotted line in (a) is the coordinate of point A and (b) is the contour line

of reaction heat release reaching 2900 K.
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quantitatively, the fraction of C and H atoms involved in unreactive
diffusion in different atmospheres (defined as the ratio of C or H atoms in
unreactive diffusion to the total number of C or H atoms, denoted as Cyq
and H,4) are examined, as shown in Fig. 10. According to Fig. 10(a), in
the three environments containing CO,, C,q in mixed oxidizers systems
are 25.3 % and 27.7 %, slightly lower than that in system ANP-CO,
(29.25 %). Fig. 10(b) shows that in the three environments containing
H»0, Hyq values in mixed oxidizer systems are notably lower than that in
system ANP-HO. It indicates that re-oxidation reduces C and H atoms in
unreactive diffusion inside the particle, releasing the binding site around
Al atoms. And the reduction of H atoms is more significant than C atoms.

In addition, Fig. 11 shows the fraction of O atoms involved in reac-
tive diffusion in different environments (defined as the ratio of O atoms
in reactive diffusion to the total number of O atoms, denoted as O.q). It
can be seen that O, in system ANP-O5 + COs is larger than that in
system ANP-CO,. Similarly, O.q in oxidizer mixtures of Oy and HO is
more significant than that in a pure HyO environment. And the O, in
oxidizer mixtures of O, CO2, and H»O is also more prominent than in a
pure CO; or HyO environment. The increasement of O,q means that O
atoms reoccupy the binding sites around the Al and bonding with Al
atoms.

3.3. Optimize the ignition delay time and reaction heat release

The above analyses of heat transfer and reaction between oxidizer
atoms and ANP are at the micro level. The specific effects of these
phenomena on the macro mainly reflect the ignition delay time and
reaction heat release of ANP. Therefore, the ignition delay time and
reaction heat release of ANP in different environments are calculated. As
shown in Fig. 12(a), ANP will experience a relatively long ignition delay
time in an environment with more than 90 % O, or HyO (lower left and
lower right regions in Fig. 12(a)). In environments with more O, the
heat transfer from gas to ANP is poor at the initial oxidation stage,
resulting in a slow temperature rise of ANP. And in environments with
more Hy0, the heat transfer rate is fast in the early stage, but H atoms
diffusing into ANP do not bond with Al, leading to less reaction heat. The
ignition delay time of ANP will be effectively reduced if the contents of
CO4 and H»0 in the range of 20 %-75 % and the content of O in the
range of 10 %-50 % (blue region in Fig. 12(a)). As for reaction heat
release, the environment with more Oy will relatively increase the re-
action heat release, as shown in Fig. 12(b). When the concentration of
CO5 and H,0 in the atmosphere is high, the reaction heat release will be
low. Briefly, by tailoring the contents of three oxidizers (O3, CO2, and
H0) in the environment, the ignition delay time and reaction heat
release can be adjusted to achieve the optimal performance of ANP
combustion. For instance, the chain-dotted line in Fig. 12(b) represents
the contour line of reaction heat release (Qreqct) reaching 2900 K. Point A
in Fig. 12(a) is the contents of oxidizers (no, = 35 %, nco,=32 %, ny,0 =
33 %) with the shortest ignition delay time (50 ps) under the Qeqc Of
2900 K.

4. Conclusion

In this study, ReaxFF molecular dynamics simulations were per-
formed to study the heat transfer and reaction heat release in the igni-
tion and combustion process of ANP under Oy, CO3, H0, and their
mixture atmospheres. The ignition of ANP is triggered by heat transfer
and reaction heat release, where the reaction heat release contributes
more significantly. ANP experiences a shorter ignition delay time in
mixed oxidizer atmospheres. The core-shell reaction of ANP is closely
related to the average heat transfer rate of oxidizers. The number of cAl-
sO bonds at ignition will increase in the atmosphere with a higher
average heat transfer rate, resulting from the atoms in the particle move
more violently. In the early stage of combustion, H,O molecules transfer
heat to ANP at the fastest rate due to the rapid diffusion of H atoms.
Before ignition, H atoms almost do not bond with Al. C and O atoms
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diffuse slowly in the early stage, but they bond with Al easily after
collision with ANP. Collision, unreactive diffusion, and reactive diffu-
sion are the basic processes during ANP oxidation. While in the envi-
ronment of mixed oxidizers, oxidizer atoms will be involved in a new
reaction mode: re-oxidation. Re-oxidation of H atoms occurs around
ANP ignition. Nonbonded H atoms inside the particle diffuse to the
environment and bond with free O atoms in the environment to produce
H»0 molecules, resulting in a temporary increase in the quantity of HoO.
Re-oxidation of C atoms occurs after 75 ps and produces additional CO.
The re-oxidation reduces the number of C and H atoms in unreactive
diffusion and increases the fraction of O atoms in reactive diffusion. In
addition, re-oxidation also increases the fraction of oxidizer atoms
bonding with Al In conclusion, this work reveals that the ANP com-
bustion characteristics (ignition delay time and reaction heat release)
are largely determined by the contents of Oy, CO,, and H,0 in the
environment, which are expected to provide a theoretical guide for
applying aluminum nanoparticles in various oxidizers.
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