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ABSTRACT

Molecular dynamics (MD) simulations are performed to investigate the thermal and mass accommodation
coefficients (TAC and MAC, respectively) for the combination of iron(-oxide) and air. The obtained values
of TAC and MAC are then used in a point-particle Knudsen model to investigate the effect of chemisorp-
tion and the Knudsen transition regime on the combustion behavior of (fine) iron particles. The thermal
accommodation for the interactions of Fe with N, and Fe,Oy with O, is investigated for different surface
temperatures, while the mass accommodation coefficient for iron(-oxide) with oxygen is investigated for
different initial oxidation stages Zo, which represents the molar ratio of O/(O + Fe), and different surface
temperatures. The MAC decreases fast from unity to 0.03 as Zy increases from 0 to 0.5 and then di-
minishes as Zy further increases to 0.57. By incorporating the MD-informed accommodation coefficients
into the single iron particle combustion model, the oxidation beyond Zo = 0.5 (from stoichiometric FeO
to Fes04) is modeled. A new temperature evolution for single iron particles is observed compared to
results obtained with previously developed continuum models. Specifically, results of the present simula-
tions show that the oxidation process continues after the particle reaching the peak temperature, while
previous models predicting that the maximum temperature was attained when the particle is oxidized
to Zo = 0.5. Since the rate of oxidation slows down as the MAC decreases with an increasing oxidation
stage, the rate of heat loss exceeds the rate of heat release upon reaching the maximum temperature,
while the particle is not yet oxidized to Zo = 0.5. Finally, the effect of transition-regime heat and mass
transfer on the combustion behavior of fine iron particles is investigated and discussed.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

et al. [19] identified the formation of nano-particles in their exper-
iments, where they observed halos of nano-particles surrounding

Iron powder is considered as a promising metal fuel since it
is inherently carbon-free, recyclable, compact, cheap and widely
available [2]. To design and improve real-world iron-fuel burn-
ers, an in-depth understanding of the fundamentals underlying the
combustion of fine iron particles is required.

Over the past five years, the interest in using iron powder as
a circular carrier of renewable energy has drastically increased.
McRae et al. [22], Soo et al. [36], Tang et al. [39], T6th et al.
[44] and Li et al. [19] performed experiments with iron dust flames
to study fundamental characteristics of iron combustion, such as
flame structure and flame propagation. Toth et al. [44] and Li
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the burning iron particles. To gain a more in-depth understanding
of the oxidation processes of iron particles, the canonical config-
uration of single iron particle combustion has been investigated
by multiple researchers. Ning et al. [26,27] performed single par-
ticle combustion experiments where the particles are ignited by a
laser. They showed that the duration of burning process is sensitive
to the surrounding oxygen concentration. They also observed that
the maximum particle temperature increases with gas-phase oxy-
gen concentration while reaching a plateau at sufficiently elevated
oxygen concentrations. Formation of oxide nano-particles during
the combustion was also recorded. Li et al. [18] investigated the
ignition and combustion process of single micron-sized iron parti-
cles in the hot gas flow of a burned methane-oxygen-nitrogen mix-
ture, and drew similar conclusions as Ning et al. [26]. Panahi et al.
[28] used a drop-tube furnace to burn iron particles at a high gas
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temperature (~ 1350 K) with oxygen concentrations of 21%, 50%
and 100%. They showed that particle temperature increases signif-
icantly when the oxygen concentration increases from 21% to 50%,
but barely further increases when increasing from 50% to 100%.

In the past few years, the number of theoretical models for sin-
gle iron particles has increased. Mi et al. [23] investigated the ig-
nition behavior of iron particles via solid-phase oxidation kinetics
described by a parabolic rate. Jean-Philyppe et al. [15] extended
this model and investigated the ignition behavior of fine iron par-
ticles in the Knudsen transition regime. They stated that the transi-
tion effect on the ignition characteristics becomes important if the
particle diameter is below 30 pm. Senyurt and Dreizin [31] stud-
ied the ignition of metal particles other than iron in the transition
regime, and stated that transition effects could always be neglected
for very large (i.e., > 200 pum) particles. While these models only
focused on the ignition, Soo et al. [35] developed a generic model
for the full combustion behavior for non-volatile solid-fuel parti-
cles, wherein the particle oxidation rate depends on reaction kinet-
ics at the surface of the particle and the external diffusion of oxy-
gen to the particle. Hazenberg and van Oijen [13] further extended
this model by taking into account the growth of the particle dur-
ing oxidation. In [41], a boundary layer resolved model was devel-
oped so that mass and heat transfer are accurately modeled, in-
cluding Stefan flow. Temperature-dependent properties were used
for the gas- and condensed-phase species and evaporation was im-
plemented to investigate the formation of nano-sized iron-oxides
products. It was shown that, although the particle temperature
remains below the boiling point of iron(-oxide), a non-negligible
amount of iron mass is lost due to the evaporation of the par-
ticle. Furthermore, it was shown that when only the conversion
of Fe to FeO is considered up to the maximum temperature, and
when internal transport is neglected, a good agreement was ob-
tained with the experimental data of Ning et al. [27] for the com-
bustion time and maximum temperature as a function of oxygen
concentration. The further oxidation after the particle peak tem-
perature was, however, not modeled. In a later work of Thijs et al.
[40], the point-particle model of Hazenberg and van Oijen [13] was
extended, with aid of a boundary-layer-resolved model, to include
temperature-dependent properties, slip velocity, Stefan flow, and
evaporation. van Gool et al. [12] extended the latter particle model
and modeled the particle composition as being uniform and in
thermodynamic equilibrium, enabling the oxidation beyond stoi-
chiometric FeO.

For iron particle combustion, it has been hypothesized that the
oxidation rate of an iron droplet is the result of an interplay among
three mechanisms: (1) External diffusion of O, from the ambient
gas to particle surface, (2) surface chemisorption of O,, and (3) in-
ternal transport of Fe and O atoms [38]. In the previously discussed
numerical models, it assumed that mechanism (1) is the rate limit-
ing step, and that mechanisms (2) and (3) are infinitely fast. How-
ever, these assumptions are not well investigated. Furthermore, in
most of the previously discussed models for iron-particle combus-
tion, the continuum assumption is used to describe the transport
processes. It is known that, when the size of the particle becomes
too small, modeling the heat and mass transfer using the contin-
uum approach becomes invalid. The particle radius, rp, compared
to the mean free path length of the gas molecules, Ayp, is de-
scribed by the Knudsen number [20]

Kn = Ayp/1p. (M

Typically, when Kn is larger than 0.01 [20], the continuum ap-
proach is invalid. An elaborate review of modeling heat transfer
in the transition regime for nano-particles in the context of laser-
induced incandescence is presented by Liu et al. [20]. In the pre-
vious study of Thijs et al. [41], only relatively large particles of 40
and 50 pm were considered, ensuring that the transition-regime
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heat and mass transfer has a negligible effect. While [15] and
[31] studied the transition effect on the ignition behavior of metal
particles, such a study was not performed for the complete com-
bustion process of single iron particles.

The heat and mass transfer in the free-molecular regime is de-
pendent on the thermal and mass accommodation coefficients. The
average energy transfer when gas molecules scatter from the sur-
face is described by the thermal accommodation coefficient (TAC).
The mass accommodation coefficient (MAC) or absorption coef-
ficient is defined as the fraction of incoming oxygen molecules
that are absorbed (accommodated) rather than reflected when they
collide with the iron surface. Molecular dynamics simulation can
be used to investigate these accommodation coefficients. Multi-
ple studies have been performed with molecular dynamics simula-
tions to investigate the metal surface-gas interactions. In the case
of highly-rarefied gases (Kn > 10), the interaction between one gas
molecule and the surface is considered. Chirita et al. [4] performed
one of the pioneering studies that consider molecular beam sim-
ulations to simulate incident low energy argon molecules on a
nickel surface. Later, multiple authors [6,7,21,29,32,33,43] investi-
gated the gas-surface interactions, considering one gas molecules
issuing from a Maxwell-Boltzmann distribution. [7] showed that
the TAC obtained with such a molecular dynamics simulation well
agrees with experimental data. In less rarefied gases (Kn < 1) gas-
gas interactions become important in addition to the surface-
gas interactions, and can impact the accommodation coefficients
[10,25,37]. Alas, to the authors’ knowledge, a systematic analysis of
the TAC and MAC for a system of iron(-oxide) surface exposed to
air has not yet been reported. Such a study of the MAC is also of
importance to derive effective chemical kinetics governing the rate
of further oxidation beyond the stoichiometry of FeO, which are
missing in literature.

To study the effect of chemisorption and the effect of the
free-molecular regime, molecular dynamics simulations are per-
formed to determine the TAC and MAC for an iron(-oxide)-air
system. Then, these values are used in a two-layer point-particle
model to examine the effect of chemisorption and the effect of
the Knudsen transition regime on the combustion behavior of sin-
gle iron particles. The paper is organized as follows. Section 2 de-
scribes the methodology of the two-layer model used to describe
the combustion of single iron particles. In Section 3, the proce-
dure for the molecular dynamics simulations used to determine
the thermal and mass accommodation coefficients is discussed.
Section 4 presents the results of the TAC and MAC obtained from
these molecular dynamics simulations. In Section 5, the results of
the single iron particle combustion model are discussed. Conclu-
sions are provided in Section 6.

2. Model formulation for single iron particle combustion

In the current study, a two-layer point-particle model is used
as shown in Fig. 1. An iron particle oxidation model is coupled to
a two-layer method to take into account the Knudsen transition
regime. The iron particle oxidation model assumes a homogeneous
mixture of iron and oxygen and is based on the previous work [40].

In [40], only the oxidation from Fe into FeO was taken into ac-
count via

1
R1:Fe+ 502 — FeO. (2)
Here, the oxidation mechanism is extended by considering the fur-
ther oxidation into Fe304. Once all the Fe is converted into FeO,

the FeO continues to oxidize into Fe;04 via

R2 : 3Fe0 + %02 — Fe304. (3)
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Fig. 1. The configuration for heat and mass transfer analysis considered in the
Knudsen model.

The oxidation into Fe,03 is not considered since the re-
solidification process is rather complex. Furthermore, the impact
of the oxidation from Fe304 into Fe,03 is rather small since only
10% of the total energy is released in this step. Based on the ther-
modynamics of the Fe-O system [14], it is known that iron-oxide
can be formed in multiple crystalline structures, i.e., FeO (wustite),
Fe304 (magnetite), and Fe, 03 (hematite). In the liquid phase of an
Fe-O mixture, there are no clear crystalline structures. This region
on the Fe-O phase diagram consists mainly of two different lig-
uids denoted by L1 (iron) and L2 (iron-oxide). Therefore, consider-
ing these phases as “liquid FeO” and “liquid Fe304” is not in line
with the phase diagram.

The thermodynamic data for the L1 and L2 mixture are, how-
ever, unknown. In this work, the thermodynamic data for the L1
and L2 mixtures are therefore approximated to be a linear com-
bination of the liquid-phase data of Fe, FeO, and Fe304. The total
enthalpy of a liquid iron particle, Hjiq 1o, is determined via

Hliq,tot = Mgehre + Mreohreo + mF6304hFe3047 (4)

with, m; the mass of species i in the particle and h; the mass spe-
cific enthalpy of species i (calculated with the NASA polynomials).
The liquid-phase polynomials are extrapolated to the boiling point
of FeO (T, = 3396 K).

The phase diagram of the Fe-O system is dependent on the mo-
lar ratio of O/(O + Fe), which defines the oxidation stage of the
(liquid) iron particle. Here, this ratio is denoted by Zy, which is the
elemental mole fraction of oxygen in the particle, and is defined as

Zo = mo,p/Mo
mFe,p/MFe + mO,pMFe '

(5)

where mg ;, is the mass of oxygen, mge , the total mass of iron in
the particle, and Mgy and Mg, are the molar mass of oxygen and
iron, respectively. In this work, Zy denotes the oxidation stage of
the iron particle, where Zg = 0.5 represents “liquid FeO” and Zg =
0.57 “liquid Fe30,4".

To calculate the total enthalpy of the particle, the rates of
change of mge, Mreo, and mge,0, need to be tracked. Since the equi-
librium vapor pressure calculated with the thermodynamic data of
liquid Fe304 is orders-of-magnitude lower than those of liquid Fe
and FeO [27], evaporation of Fe304 is negligible compared to the
evaporation of Fe and FeO. In [41] it was discussed that the oxida-
tion of the gaseous iron will further inhibit the diffusion of oxygen
towards the particle. To include this effect in the current point-
particle model, it is taken into account that Fe(g) and FeO(g) will
further oxidize and condense into Fe,05. The oxygen consumed by
the gaseous iron(-oxide) species will limit the total mass transfer
rate of oxygen. The mass transfer rate of oxygen consumed by the
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gaseous iron(-oxide) is given as Fujinawa et al. [11]

. m dm
Mo, vap = SFe,05,Fe(g) % + SFe,0,.Fe0(g) %7?“, (6)
WIth Sge, 0, Fe(g) aNd Se,0,.Fe0(g) the stoichiometric mass ratios for
the oxidation of respectively Fe(g) and FeO(g) into Fe,0s3. The rate
of change of mrge, Mpeo, and mge,0, are related to the rate of oxi-
dation and the rate of evaporation via

dee 1 dmevap,Fe

dr = —E(moz,l—moz,vap) - T, (7)
1 i ; dMevapFe0 .
e | gy (001 00p) = G20 (20 <05,
. 1‘(m —1in )_M if 70~ 05 (8)
Sreon | 2T 0mvaP dt o >0.5,

dige,0, 1 . .
=— _ ’ 9
dt SFe;04.2 (mozvz mOZ.vap) 9)

with g, ; the mass transfer rate of oxygen to the particle via ei-
ther reaction R1 (denoted by 1) or R2 (denoted by 2) and s; ; is the
stoichiometric mass ratio of species i for reaction j. The total mass
transfer rate of oxygen is given by i, = Mo, 1 + 1Mo, 2. Note that
R1 and R2 are sequential reactions in this work, where R2 starts if
Zo > 0.5. Therefore, either g, 1 or rig, > equals zero.

To calculate Zg, the mass of O and Fe in the particle must be
known. The rate of change of O is related to the rate of oxidation
and the rate of evaporation of FeO, while the rate of change of mg.
which is in the particle, is only affected by evaporation

dmo_p . Mo dmevap,FeO
Tl e e (10)
dm]:er _ _dmevap;e _ Mpe dmevap,FeO (11)
da dr Mreo  dt

with Mgeo the molar mass of FeO. Temperature-dependent density

functions are used to relate the mass of the particle to the volume

and diameter, see van Gool et al. [12] for the specific polynomials.
The rate of change of the particle enthalpy is described by

dH,

W =q+ qraqd + mOZhOZ - Zhi,v
i

dmevap,i
de

(12)

with q the heat transfer rate, q,,q the radiative heat transfer rate,
ho, the mass-specific enthalpy of the consumed oxygen and h;,
the mass-specific enthalpy of the evaporated species.

To model the mass transfer rate 1o, and heat transfer rate g,
a two-layer method is used. Figure 1 illustrates the configuration
which is used for the two-layer model. The iron particle is sur-
rounded by a spherical Knudsen layer § with a thickness equal to
the mean free path Ay of the gas molecules [20]

k(; Vs — 1 81 mo, Ts
p9ys—>5 ky
with ks and y;s being the thermal conductivity and specific heat
ratio derived at the Knudsen layer, p the ambient pressure, mg,
the mass of an oxygen molecule, and kj, the Boltzmann constant.

At the Knudsen layer, the gas has a temperature Ty and mole
fraction X;. In the two-layer method, it is assumed that the heat
and mass transfer across the Knudsen layer is quasi-steady [20].
Therefore, the mass balance at r=4§ yields g, py = filg, ¢, With
Mo, v the mass transfer rate in the free-molecular regime and
Mo, the mass transfer rate in the continuum regime. Similarly,
the heat balance can be written as qpy = qc.

The mass transfer rate and heat transfer rate in the continuum
regime can be described as Senyurt and Dreizin [31], Thijs et al.
[40]

Mo, c = 277Sh(8 + rp) Po2,iD5 (Xo,.6 — Xo,.5)- (14)

AMFP = , (13)
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gc = 2w Nu(8 + rp)ke(Tg — T), (15)

with Ty is the gas temperature, X, ¢ the mole fraction of oxygen in
the gas phase, Nu and Sh the Nusselt and Sherwood numbers, re-
spectively and pg;, f, Df and k¢ the density of oxygen, the mixture-
averaged diffusion coefficient and the thermal conductivity derived
at the film temperature and composition. To include the effect of
a slip velocity and the oxygen consumption induced Stefan flow
towards the particle, the Nusselt and Sherwood numbers are cor-
rected by means of the Reynolds number and the mass and heat
Spalding numbers. The Stefan flow corrected Nusselt ans Sherwood
numbers are determined as

Nu = Nu*In (1 + By)/Br, (16)

Sh = Sh*In (1 + Bm)/Bm. (17)

with Nu* and Sh* being Reynolds number dependent correlations
as described in Thijs et al. [40]. The mass Spalding number is de-
fined as Bird et al. [3].
Yo,¢—Yo

By = 25—=2 18

A (18)
Analogous to the mass Spalding number, a Spalding heat transfer
number can be derived as Bird et al. [3].

1+ Br = (1+Bp)?, (19)
where ¢, = C”c‘;" & 3h and Le = $¢ is the Lewis number. A constant

slip velocity in time is used, based on the terminal velocity of the
iron particle at ambient conditions. For more details of the contin-
uum model, the reader is referred to Thijs et al. [40].

The mass transfer rate in the free-molecular regime can be de-
scribed as Senyurt and Dreizin [31].

mOZ,FM = OthTTIZJV5p0215X02.5, (20)

with oy the mass accommodation coefficient and vs the velocity
of the gas molecules calculated as

Vs = /% (21)
Tmo,

Similarly, the heat transfer rate in the free-molecular regime
yields [20].

kpT; *+1/( T

with ag the thermal accommodation coefficient and y* the aver-
aged specific heat ratio [20]. It is assumed that the slip velocity
and Stefan flow do not affect the free-molecular transport and the
effect of the transition regime on the evaporation rate is neglected.

To account for the large variation of temperature and composi-
tion in the boundary layer, the transport properties are derived at
film layer temperature (T;) and composition (X¢), by using the 1/2
film averaging rule [40]. T; and X; are determined via

=T +1/2(T; - Th), (23)

Xe=X1+1/2(X2 — X1). (24)

In the Knudsen layer, T; and X; are the values derived at the parti-
cle surface, while T, and X, are determined at the & layer. For the
continuum layer, T; and X; are the values derived at the § layer,
while T, and X, are determined at the far field.

The two-layer method is implicit—a coupled system of nonlin-
ear equations must be solved to find the mass and heat transfer
rates. The molar fraction of oxygen Xo, ; and the temperature Ty
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in the gas phase are known. Therefore, Xo, 5 and Ts remain un-
known and should be found via an iterative method. In this work,
the Isqnonlin method of MATLAB was used to solve the coupled
system of nonlinear equations. The Cantera toolbox was used to
calculate the transport properties in the gas phase.

3. Model formulation for molecular dynamics simulations

Molecular dynamics simulations are performed to determine
the TAC and MAC for the interactions between a single gas
molecule and a iron(-oxide) surface. This is consistent with the
free-molecular regime because gas-gas interactions are not con-
sidered. Because an N, molecule has a strong triple bond, it is
unlikely to be chemically absorbed by an iron(-oxide) surface. In
the case of NOx formation, different species like N and NO could
possible interact with the iron particle [30]. In this study, only a
TAC value for the N, molecule in combination with an iron sur-
face is determined, leaving the study of nitrogen oxides for fu-
ture work. As a result, the Fe-N, interactions are modeled us-
ing non-reactive potentials. On the contrary, reactive molecular
dynamics are considered for the FexOy-O, interactions to com-
pute the TAC and MAC. In reactive MD simulations, statistical and
methodological errors can be introduced [17]. In this study, the
thermal and mass accommodation coefficients were averaged over
a number of instances in order to achieve small statistical uncer-
tainties. Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [42] is used to perform the molecular dynamics simu-
lations.

3.1. Thermal and mass accommodation coefficients

As previously described, the free-molecular heat transfer rate is
dependent on the TAC. The TAC describes the average energy trans-
fer when gas molecules scatter from the surface and is defined as

e — (Eo — E;)
T 3ke(Ty - Ty)’

with (-) denoting an ensemble average, Ey the total energy of the
scattered molecule, and E; the energy of the incident molecule. The
denominator represents the maximum energy that could be trans-
ferred from the surface to the gas molecule, with T; the surface
temperature and T the gas temperature.

The free-molecular mass transfer rate is dependent on the MAC.
The MAC or absorption coefficient is defined as the fraction of in-
coming oxygen molecules that, upon collision with the iron sur-
face, are absorbed (accommodated) rather than reflected. The MAC
is defined as

n
oy = abs,g’ (26)
Ntot,g

(25)

with ngp, o the number of absorbed gas molecules and nt g the
total number of gas molecules colliding the surface.

When iron is burned in air, both oxygen and nitrogen may con-
tribute to the total TAC. The thermal accommodation coefficients
for Fe with N, is independently determined of the interaction be-
tween FexOy with O,. The ratio between the numbers of collisions
of oxygen and nitrogen with the surface is determined by the mo-
lar fraction, denoted by Xp,. In the case that an oxygen molecule
is accommodated to the surface, it does not contribute to the ther-
mal accommodation coefficient. To account for this effect, the total
TAC is calculated as

a1t = [1 = Xo, (1 — am)]arn, +Xo, (1 — am)ar,g,. (27)

Note that if the oxygen molecule is chemically absorbed, the
amount of enthalpy possessed by the absorbed oxygen is added
to the total internal energy of the particle.
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—1 /=

Fig. 2. Initial configuration showing a nitrogen molecule (blue particles) placed
above an iron surface (brown particles), with Zo =0 and T, = 2000K. The sizes of
the particles equal the atomic radii. CPK coloring is used to distinguish different
chemical elements.. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

3.2. Fe-N, interaction

To determine the thermal accommodation coefficients, the pro-
cedure as performed by Sipkens and Daun [32] is followed.
Figure 2 shows the initial configuration used to determine the
thermal accommodation coefficient of the Fe-N, system. A molec-
ular system is defined with a surface of 686 iron atoms initially
arranged in a body-centered cubic (BCC) lattice, with a lattice con-
stant of 2.856 A, and a nitrogen molecule, of which the latter is
modeled as a rigid rotor. The gas molecule is positioned around
10 A above the surface, beyond the range of the potential well. In
order to represent a specific surface temperature, a heating pro-
cess is required for the iron surface to increase the kinetic energy
of the system. Yan et al. [45] showed that the phase change tem-
perature obtained with MD simulations depends on the used heat-
ing process. Therefore, if the surface is expected to be in a solid
phase, it is heated for 30 ps using the canonical (NVT) ensemble.
To keep a constant temperature in the NVT ensemble simulations,
the Nose-Hoover thermostat is applied on the translational degrees
of freedom of the atoms with a temperature damping period of
100 fs. The warmed surfaces are then allowed to run first in the
NVT ensemble and then in the micro-canonical (NVE) ensemble for
5 ps after which their state is saved to a file. If the surface is ex-
pected to be in a liquid phase, the surfaces are warmed using the
Nose-Hoover thermostat for 30 ps to 2800K, equilibrated for 5 ps
at 2800K and then gradually cooled down to the target tempera-
ture within 10 ps. Six different surfaces, each with different initial
velocities, are generated to obtain a statistically meaningful set of
data. Then, incident gas molecules are introduced with their veloc-
ities sampled from the Maxwell-Boltzmann (MB) distribution. 500
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cases per warmed surface are sampled, which result in 3000 data
points per configuration. The equations of motion are advanced us-
ing the Verlet algorithm with a timestep of 1 fs.

The interactions between the iron atoms are modeled using the
embedded atom method (EAM) potential. The EAM force fields are
based on the principle of embedding atoms within an electron
cloud. The EAM potential reads

Ui = %ZUZ(rij) —F{ > pi(ry) |- (28)
J# J#

where U, is a pairwise potential between atoms i and j, rj; is the
distance between atoms i and j, F is the embedding function, and
pj is the contribution to the electron charge density from atom j.
Sipkens and Daun [32] investigated the effect of different surface
potentials on the characteristics of an iron lattice, and found that
the EAM potential of Zhou et al. [46] is the most robust choice
since this potential well predicts the phase transitions and exper-
imentally measured densities. Therefore, this work uses the EAM
potential of Zhou et al. [46] for the iron surface potentials.

The gas-surface pairwise potentials are described by the Morse
potential

Uy = Do(1 — -2, (29)

where ry is the equilibrium bond distance and o controls the
width of the potential.

Daun et al. [7] demonstrated the significance of using a well-
defined gas-surface potential. They compared the TAC calculated
with a Lennard-Jones 6-12 gas-surface potential with parameters
derived from the Lorentz-Berthelot (LB) combination rules to the
TAC calculated with a Morse potential with parameters derived
from ab initio technique. For the LJ potential with LB combina-
tion rules, the well depth Dy and finite distance o were calculated
by combining these values of the two individual atoms. For the
ab initio calculations a molecule was moved towards a surface and
then the potential was calculated from first principles. Daun et al.
[7] showed that the TAC is overestimated when using a Lennard-
Jones 6-12 gas-surface potential with parameters derived from the
Lorentz-Berthelot (LB) combination rules, but found a good agree-
ment with the values obtained from experiments when using a
Morse potential with parameters derived from ab initio technique.
The ab initio calculations for the Fe-N, interaction were performed
by Sipkens et al. [33]. They found Dy = 2.162meV, o = 0.932 A-!
and ry = 4.819 A.

3.3. FexOy-0, interaction

Different iron-oxide surfaces will be generated to investigate
the effect of the oxidation stage of the iron-oxide surface on the
TAC and MAC. The surface oxidation stage is denoted by the ele-
mental mole fraction of oxygen in the particle and can be calcu-
lated as

Zo= 105, (30)
Mtot,s

with ng s being the number of oxygen atoms and nis the total

number of atoms in the complete domain. By means of this defini-

tion, Zg remains constant in time if no new oxygen molecules are

absorbed.

Before applying the Nose-Hoover thermostats, an FeO lattice is
deposited in a specific ratio on top of a BCC lattice of Fe atoms.
An initial distance of 4 A between the two layers is introduced to
ensure a natural mixing. The height of the FeO lattice compared to
the Fe lattice is increased to increase the Zg of the specific surface.
Two different heating strategies are used to investigate the effect
of the distribution of oxygen atoms over the surface:
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' (a) 0 ps (b) 2 ps

(c) 30 ps (d) 60 ps

Fig. 3. Realization of an iron-oxide surface with Zo =0.11 and T, = 2000K for different moments in time during the preparation phase with heating strategy 1. The fig-
ures show a lateral surface, with the top surface used for the scattering gas molecule. Red particles represent oxygen atoms, while the brown particles are iron atoms. The
sizes of the particles equal the atomic radii. In (d), the normalized z-positions are indicated. CPK coloring is used to distinguish different chemical elements.

1. The same heating strategy previously discussed for the Fe sur-
face is used, with a different heating strategy for a solid or lig-
uid surface.

2. An annealing process is employed for all the surfaces to en-
hance the mixing of the O and Fe atoms. The surfaces are
warmed using the Nose-Hoover thermostat for 30 ps to 2800K,
equilibrated for 30 ps at the same temperature and then grad-
ually cooled down to the target temperature within 30 ps.

Figure 3 shows the preparation of an iron-oxide surface with
Zo =0.11 and T, = 2000K via heating strategy 1. After the surface
realization, an O, molecule is located around 10 A above the sur-
face, beyond the range of the potential well. Figure 4 shows the
initial configuration used for the interaction between FexOy and
0,.

Reactive molecular dynamics is used to simulate the interaction
between FeyOy-0,. Reactive MD uses reactive force fields to accu-
rately describe bond formation and breaking. ReaxFF [9] is a bond
order potential that describes the total energy of the system as

Esystem = Epond + Eover + Eunder + Eval + Etor
+EvdWaals + ECoulomb + Eadditional’ (31 )

with Ep,,q the bond formation/breaking energy, Eover and Epger
the over- and undercoordination energy penalties, E,, and E are
respectively the valence and torsion angle energies, E,gwaas and
Ecoulomp are the non-bonded van der Waals and Coulomb long-
range interactions and E,qgitionas are additional correction terms.
The atomic charges are computed at every timestep using the
charge equilibration method. A time step of 0.1fs is used, which
is recommended for reactive MD simulations at high temperatures
[16]. The timestep is held sufficiently small to capture all reac-
tion events at high temperatures. Six different surfaces, each with
different initial velocities, are generated to obtain a statistically
meaningful set of data. Table 1 lists the inter-atomic potentials that
are used in this work to model the various inter-atomic interac-
tions.

Table 1
Inter-atomic potentials used for the different atom-atom pair for either
the Fe-N, or Fe,Oy - O, interaction.

Case Atom-atom pair  Inter-atomic potential ~ Reference
Fe-N, Fe-Fe EAM potential [46]
Fe-N, N-N Rigid rotor [8]
Fe-N, Fe-N, Morse potential [33]
Fex0y-0, Fe-Fe ReaxFF [1]
Fe,Oy-0, 0-0 ReaxFF [1]
Fex0y-0, Fe-O ReaxFF [1]

4. Results of the molecular dynamics simulations

The results for the mass and thermal accommodation coeffi-
cients determined from MD simulations are discussed below. It is
important to note here that the MD simulation results are to some
extent limited by the available (reactive) force fields. In addition,
results from different force fields could differ quantitatively. There-
fore, care must be taken in the selection of the force field. The ef-
fect of the available reactive force fields on the predicted thermal
expansion is examined and presented in the Supplementary Mate-
rial. As a result, it is concluded that ReaxFF proposed by Aryanpour
et al. [1] is suited to reproduce an FeO and Fe30,4 surface. There-
fore, this reactive force field is used in this work.

4.1. Mass accommodation coefficients

The mass accommodation coefficient for iron with oxygen is in-
vestigated for different initial oxidation stages, ranging from Zg =
0 to Zo = 0.57, and three different surface temperatures, namely,
T, = 1500, 2000 and 2500 K, of which the latter two are in the
liquid-phase regime. A gas temperature of T; = 300K is used. The
distance between the two O atoms of the incident oxygen molecule
is used as a metric for the MAC. If the inter-atomic distance be-
comes larger than 1.2x the initial bond length, the incident oxy-
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Fig. 4. Initial configuration showing an oxygen molecule (red particles) placed
above a partially oxidized iron surface (brown particles) with Zo = 0.11 and T, =
2000K. The sizes of the particles equal the atomic radii. CPK coloring is used to dis-
tinguish different chemical elements. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

gen molecule is considered as dissociated, and chemically absorbed
into the iron(-oxide) surface.

As discussed in Section 3.3, two different heating strategies are
employed to investigate the effect of the non-uniform distribution
of oxygen atoms in the surface. Figure 5 shows the probability den-
sity of oxygen atoms as a function of normalized z-position (as
shown in Fig. 3(d)). For T, = 2000K, the oxygen atoms are char-
acterized by a relatively uniform distribution, independent of the
heating strategy. This lack of dependency is, however, not the case
for T, = 1500K. With heating strategy 1 (HS1), the oxygen atoms
are not uniformly distributed—a higher concentration is observed
near the top surface. Because of the heating rate of HS1, not all
of the oxygen atoms are sufficiently diffused to reach a uniform
distribution. As a result, more oxygen atoms are near the surface.
When the annealing process of HS2 is used, a spatially more uni-
form distribution of oxygen atoms is obtained.

Figure 6(a) shows the MAC of oxygen as a function of initial ox-
idation stage for the three different surface temperatures, obtained
with HS2, while Fig. 6(b) shows a detailed view around Zy = 0.57.
To show the effect of a higher oxygen concentration at the top
surface, the MAC obtained with HS1 for T, = 1500K is added to
Fig. 6(a) as a red line. With a homogeneously distributed surface
obtained via HS2, the MAC barely depends on the surface temper-
ature and decreases as a function of Zg. A fast decrease in MAC
with increasing Zg is observed if Zg < 0.5, whereas the decrease of
MAC becomes weaker for Zg > 0.5. This result indicates that once
the particle reaches stoichiometric FeO, it becomes more difficult
to absorb oxygen.

As depicted in Fig. 6(a) with the red line, the MAC decreases
significantly if there are more oxygen atoms near the surface. This
accumulation at the top surface prevents new oxygen atoms from
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being accommodated, indicating that the mass accommodation co-
efficient is affected by the local oxygen concentration near the sur-
face. Thus, in this region the MAC is affected by a separation of
time scales: The time period over which a gas molecule interacts
with the surface is much shorter than the time period over which
local oxygen concentration near the surface changes. Therefore, if
the iron particle does not have a spatially uniform composition, in-
ternal transport may limit the oxidation rate of iron particles.

4.2. Thermal accommodation coefficients

4.2.1. Fe-N, interactions

The TAC for the Fe-N, interaction is investigated for different
surface temperatures and a gas temperature of T; = 300K. An ini-
tially rough surface was created by projecting iron atoms on the
initial smooth lattice. It is found that the TAC for the Fe-N, inter-
action is almost independent of temperature and equals ot = 0.17.
These values are consistent with the values experimentally ob-
tained by Sipkens et al. [33], who reported a value of 0.10 and 0.17.
The effect of surface roughness on the TAC is discussed in the Sup-
plementary Material.

In addition to the surface temperature of iron, the temperature
of the surrounding gas can change significantly during iron com-
bustion. Daun [6] and Mane et al. [21] investigated the effect of gas
temperature on the TAC of nitrogen with soot and hydrogen with
aluminum, respectively. They showed that the TAC is almost in-
dependent of gas temperature and primarily influenced by surface
roughness and gas molecular weight. Based on the current MD re-
sults, a recommended value for the TAC of the interaction between
Fe with N, equals 0.17.

4.2.2. FexOy-0, interactions

The oxygen molecules that do not stick to the surface during
FexOy-0, interactions still contribute to the TAC. Figure 7 shows
the total thermal accommodation coefficients of the FexOy-O, in-
teraction as a function of Zg at three different surface temperatures
and a gas temperature of T; = 300K. When the oxidation degree
of the surface is low, the TAC remains close to unity but decreases
sharply to 0.2 once Zy > 0.5. This trend can be explained by means
of the number of hits that the incoming oxygen molecule has with
the iron(-oxide) surface. With an increasing Zg, the probability in
number of hits decreases since the incoming oxygen is repelled by
the surface. In other words, in a case with a larger Zg, the oxy-
gen molecule spends less time in contact with the surface, and
therefore does not have the opportunity to equilibrate with the
surface, resulting in a lower thermal accommodation coefficient.
Note that, if Zg is small, and thus MAC is large, the amount of scat-
tered oxygen atoms over which the TAC is calculated is low. Since
the total thermal accommodation coefficient is calculated with
Eq. (27), however, this uncertainty in the low Zg regime could be
neglected due to the small contribution of ot o, given by the large
MAC number.

4.3. Discussion of the MD results

A limitation of the herein used molecular dynamics approach
to determine the TAC and MAC is the assumption of a clean sur-
face. Within experiments, surfaces could be (partly) covered by a
layer of gas molecules. Song and Yovanovich [34] proposed a semi-
empirical correlation for the TAC of engineering surfaces, which
takes into account this absorded layer. They state that the corre-
lation is general and can be used for any combination of gases
with a solid surface over a wide temperature range. However, Song
and Yovanovich [34] state that a common strategy to create an
adsorption-free surface within experiments is to heat the surface
to high temperatures above 1000K to desorb all of the impurities
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Fig. 6. The mass accommodation coefficient of oxygen as a function of initial oxidation stage at three different surface temperatures and T; = 300K. A detailed view around

Zo = 0.5 is shown in (b).

in the surface. The present work is mainly focused on the accom-
modation coefficients in the liquid-phase regime. Since the current
MD simulations better represent the condition of a liquid-phase
surface rather than a solid-phase surface with intrinsic roughness,
the resulting accommodation coefficients in the temperature range
above the melting points are likely more accurate. Jean-Philyppe
et al. [15] used the correlation for the TAC as proposed by Song
and Yovanovich [34] to investigate the ignition of iron particles in
the Knudsen transition regime. A comparison between the TAC of
the Fe-N, interaction obtained with the MD simulations compared
to the semi-empirical correlation of Song and Yovanovich [34] is
presented in the Supplementary Material. The TAC of Song and
Yovanovich [34] is about three times larger than the TAC obtained
with the molecular dynamics simulations.

0 1 1 1 1 1
0.3 0.4 0.5

Zo [

Fig. 7. Total thermal accommodation coefficients of the Fe,Oy-O, interaction as a
function of Zy at three different surface temperatures, with T, = 300K.

0.6

Nejad et al. [25] performed molecular dynamics simulations to
investigate the influence of gas-wall and gas-gas interaction on dif-
ferent accommodation coefficients. They used a parallel wall ap-
proach to determine the accommodation coefficients, indicating
that an intermediate Knudsen number is modeled. They showed
that neglecting the gas-gas interaction results in lower TAC val-
ues with respect to the parallel wall approach: The TAC could be
around 1.5 times larger if the gas-gas interaction effect were in-
cluded [25]. However, in the two-layer model used in this work, a
free-molecular regime is assumed within the Knudsen layer, imply-
ing that each incoming gas molecule does not interact with each
other. Therefore, the accommodation coefficients obtained when
neglecting the gas-gas interactions are consistent with the used
two-layer model.

4.4. Implementation of the MD results in the single iron particle
combustion model

The TAC and MAC obtained from the MD simulations are used
in the single iron particle combustion model. In the iron particle
model, it is assumed that the particle has a homogeneous mix-
ture, such that there is no internal gradient in oxygen concen-
tration. Therefore, the TAC and MAC values for FexOy-O, interac-
tions are used from HS2, which are a function of Zy and nearly
independent of the surface temperature. In Table 2 the TAC and
MAC for the FexOy-O, interactions are listed and averaged over
the three surface temperatures. Within the iron particle combus-
tion model, these values are used for linear interpolation. However,
if no further oxidation is modeled after reaching the stoichiometry
of FeO, a linear fit (MACz, .95 = —1.8Zp 4 0.9) is used for the MAC
such that o = 0 if Zg = 0.5. Eq. (27) describes the total TAC with
0T N, = 0.17 and dT1,0, = f(Zo)
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Table 2
TAC and MAC for the FeyOy-0, interactions, averaged over the three phase temperatures.
Zo 0 0.11 0.22 0.34 045 0.5 0.52 0.53 0.54 0.55 0.56 0.57
Om 0.908 0.716 0.632 0.211 0.071 0.027 0.010 0.007 0.004 0.003 0.001 0.001
or 0.893 0.946 0.919 0.911 0.903 0.774 0.557 0.517 0.371 0.265 0.207 0.154
1 p=— T T T T
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Fig. 8. (a) Temperature profile and (b) normalized Damkoéhler number for an iron particle of 50 um burning at 21% oxygen concentration. The continuum model is compared

to the MD-informed Knudsen model.

5. Results of single iron particle combustion simulations

In this section, the results of the MD-informed Knudsen model
for a single iron particle burning in an 0,-N, atmosphere are pre-
sented. An initial particle temperature just above the ignition tem-
perature, T, o = 1100K [23], is considered.

5.1. Combustion behavior

First, the effect of the new model by only considering the first
oxidation stage up to Zg = 0.5 is investigated. The initial conditions
are chosen such that the laser-ignited experiments performed by
[26] are mimicked. A cold gas of T, o = 300K at 1atm is consid-
ered. The temperature profiles are shifted such that the particle
temperature equals T, o = 1500K at t = 0ms [27].

Figure 8(a) shows the comparison of the temperature profiles
between the continuum model and the MD-based Knudsen model
for a 50 pm particle burning in Xo, = 0.21. The temperature vs.
time curve for the MD-informed Knudsen model changes signif-
icantly compared to the previously used continuum model. This
difference can be explained by examining the Z; value and heat
transfer rates plotted in Fig. 9. In the continuum model, the max-
imum temperature was located at the position where Zg = 0.5 is
reached. At that time, the available iron is completely oxidized, and
therefore the heat release rate immediately drops to zero. With

0.15 T v v
Release
= = =Total loss| <
041 |
=
. .
0.05 —
S ~ -
0 L L L L L =
0 10 20 30 40 50 60
t [ms]

(a)

the MD-based Knudsen model, this behavior changes and Zg = 0.5
is reached after the peak temperature. Since the rate of oxidation
slows down, as the MAC decreases with an increasing oxidation
stage, the rate of heat loss exceeds the rate of heat release upon
reaching the maximum temperature of the particle, while the par-
ticle is not yet oxidized to Zg = 0.5.

With the continuum model, it was discussed that the parti-
cle burns in a regime limited by the external diffusion of oxy-
gen prior to the maximum temperature. One can derive a normal-
ized Damkohler number Da*. If Da* is close to zero, the particle
burns in a kinetic- (or chemical-) absorption-limited regime, and
if it is close to unity, the particle burns in an external-diffusion-
limited regime. Figure 8(b) shows the normalized Damkoéhler num-
ber for the same configuration. The normalized Damkéhler number
of the continuum model is determined according to the definition
of Hazenberg and van Oijen [13]. For the Knudsen + MD model, the
normalized Damkoéhler number is defined as

O[mXOz,g

Da* =1 , (32)

on-g

where amXp, 5 denotes the molar fraction of oxygen at the particle
surface Xo, p. As discussed before, with the continuum model the
particle burns completely in an external-diffusion-limited regime
prior to the maximum temperature. This behavior changes in the
MD-informed Knudsen model: Due to the decreasing MAC value

0.5

Release
= = =Total loss| =

20

30
t [ms]

(b)

Fig. 9. Heat release and heat loss rates (left axis) and Zg (right axis) for an iron particle of 50 pm burning at 21% oxygen concentration. The results are shown for (a) the

continuum model and (b) the MD-informed Knudsen model.
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Fig. 10. Temperature profile for an iron particle of (a) 34 pm and (b) 50 um burning at 26% oxygen concentration, with and without further oxidation beyond Zy = 0.5. The
dotted line and gray area are the mean and standard deviation of measurements obtained with the setup of Ning et al. [26], respectively.

with an increasing oxidation stage, the particle burns in an inter-
mediate regime.

5.2. Comparison with experimental results

In [40,41], only the first stage of combustion, which is the ox-
idation to Zg = 0.5, was investigated. Due to this assumption, an
inert cooling stage was observed after the peak temperature. How-
ever, Choisez et al. [5] investigated combusted iron powders and
discovered that it primarily consisted of a magnetite and hematite
mixture, indicating a Zy greater than 0.5. With the MD-informed
Knudsen model, the oxidation beyond Zg = 0.5 can be included in
the combustion of a single particle.

The results of the MD-informed Knudsen model are compared
with two sets of experimental data. First, the model is compared to
the laser-ignited experiments of Ning et al. [27] wherein the parti-
cles burn in air at 300 K. Then, the new temperature curve is com-
pared to the drop-tube experiments of Panahi et al. [28] wherein
the particles burn in varying oxygen concentrations at 1350K. The
experimental data are averaged over multiple independent single-
particle measurements to obtain a smooth curve.

5.2.1. Comparison with Ning et al.

Figure 10 shows the temperature profiles for the MD-informed
Knudsen model with and without further oxidation beyond Zg =
0.5 for a 34 pm and 50 pm particle burning in air with Xo, = 0.26.
The dotted line and gray area in Fig. 10 are the mean and standard
deviation of the experimentally obtained temperature profiles, re-
spectively.

The particle temperature for smaller particles is overestimated.
Overall, the temperature curve obtained with the MD-informed
Knudsen model shows a better agreement with the experimen-
tally obtained temperature curve in contrast to the less smooth
curve obtained with the external-diffusion limited continuum-
model prediction, as shown in Fig. 8. The sharp transition at the
peak temperature is now a smooth curve. The inclusion of the ox-
idation beyond Zg = 0.5 results in a higher temperature in the tail
of the curve. Instead of inert cooling after Zy = 0.5, a reactive cool-
ing regime is observed. The new numerically obtained slopes after
the peak temperature qualitatively better agree with the experi-
mental measurement during the cooling stage.

5.2.2. Comparison with Panahi et al.

Figure 11 shows the temperature profiles for the MD-informed
Knudsen model with further oxidation beyond Zp =0.5 for a
49 pm particle burning in air with Xp, = 0.21, 0.5 and 0.99. The
dotted line and gray area are the mean and standard deviation of

10

experimentally obtained temperature profiles, respectively, which
are calculated via the setup described by Panahi et al. [28]. Note
that the effect of the Stefan flow correction on the evaporation rate
is not taken into account. The data of Panahi et al. [28] are time-
shifted so that the first experimental data point approximates the
numerical temperature.

Although the model overestimates the particle temperature at
the two higher oxygen concentrations, the agreement after the
maximum temperature is reasonable. The reactive cooling slope
which is observed after the maximum particle temperature seems
to match the experimentally observed slope. This qualitative agree-
ment implies that the oxidation process of the particle continues
after the maximum particle temperature is reached.

A possible explanation for the overestimation of the particle
temperature at higher oxygen concentrations could be due to as-
sumption of a homogeneous mixture with infinitely fast inter-
nal transport for cases with these high oxygen concentrations. As
shown in Section 4.1, the mass accommodation coefficient signifi-
cantly decreases when the particle does not have a homogeneous
composition, but a higher concentration of oxygen atoms near the
surface. An inhomogeneous internal particle structure could arise
from the miscibility gap between liquid iron (L1) and liquid iron-
oxide (L2) [14] or due to the slow diffusion of oxygen in the con-
densed phase. Since for high oxygen concentrations in the gas, the
external diffusion of oxygen is fast, the diffusion of oxygen in the
condensed phase could be rate-limiting. With an increasing oxi-
dation stage Zp and an increased oxygen concentration Xo, in the
gas phase, internal transport could limit the absorption rate of new
oxygen molecule, and therefore limit the maximum particle tem-
perature. Further (experimental) research is needed to investigate
the internal particle structure achieved during liquid iron parti-
cle combustion. Another possible explanation is that the current
point-particle model is not valid in case of these extreme condi-
tions. While it is already taken into account that the evaporated
gaseous iron(-oxide) will further oxidize, and therefore inhibit the
oxygen diffusion towards the particle, more components must be
taken into account. The dense nano-particle cloud surrounding the
particle can to some extent affect the boundary layer. Therefore,
the validity of Eq. (14) must be reconsidered. On the one hand,
including gas-phase reactions will enhance the evaporating flux,
since gaseous iron will immediately oxidize and is therefore con-
sumed. On the other hand, a strong Stefan flow induced by the
surface chemisorption of oxygen would inhibit evaporation. Fur-
thermore, how the nano-particle cloud affects the heat transfer in
the boundary layer is also not taken into account in the current
point-particle model. In [40] boundary-layer resolved simulations
are performed to validate the current point-particle model, but
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Fig. 11. Temperature profile for an iron particle of 49 pm burning at (a) 21%, (b) 50% and (c) 99% oxygen concentration. The dotted line and gray area are the mean and
standard deviation of measurements obtained with the setup of Panahi et al. [28], respectively.

only simulations for relatively low oxygen concentrations are per-
formed, without gas-phase kinetics. To validate the current point-
particle model, boundary-layer resolved simulations at these high
oxygen concentrations must be performed to investigate the valid-
ity of the current point-particle model under these extreme condi-
tions.

5.3. Effect of a1 and o

The results of the molecular dynamics simulations are depen-
dent on the accuracy of the inter-atomic potentials and, perhaps,
also on the configuration. Related changes in the TAC and MAC
have an effect on the temperature profile during combustion. In
this section, the TAC and MAC are varied independently to investi-
gate the effect on the combustion behavior.

As discussed in Section 4.3, the TAC could be around 1.5 times
larger if gas-gas interactions are taken into account. Although ne-
glecting the gas-gas interaction in the current case is justified, this
extreme variation of 50% is used in this section to independently
vary the TAC and MAC, with a maximum value of 1. Figure 12
shows the effect on the temperature profile and Zg for a 10 pm and
50 pm particle burning in Xo, = 0.21 and with Ty = 300K. Both ag
and o, have a significant effect on the particle temperature. For
the 10 pm particle, the maximum temperature could vary by 200K
due to the variations of at and «m, while for the 50 pm parti-
cle the variation is around 130K. The effect is more significant for
the smaller particles, since they are more dominated by the free-
molecular heat and mass transfer.

An increasing o results in a lower particle temperature, while
the opposite is seen for a decreasing ar. With an increasing o,
the exchange of kinetic energy between the gas molecules and the
surface is more efficient, resulting in a greater rate of heat loss

1

and therefore a decreasing particle temperature. A variation in oy
hardly affects the oxidation rate.

A variation in «p, affects both the temperature profile as well
as the oxidation stage Zg. An increasing am results in a faster
oxidation rate for the iron particle, leading to a faster heat re-
lease and therefore an increase in particle temperature. Note that
the variation is relative, and thus the absolute difference with re-
spect to the original values becomes smaller when oy, is close to
zero.

5.4. Effect of transition modeling on the burn time

The effect of the transition regime on the temperature profile of
a variety of particles burning in Xp, = 0.21 and with Ty = 300K is
investigated. Figure 13 shows the difference for the time to max-
imum temperature tmax obtained with either the continuum and
transition model as a function of particle diameter. Only the ox-
idation to Zg = 0.5 is considered for the MD-informed Knudsen
model. Here, tmax is the time elapsed from T, o = 1100K to Tmax.
Due to the large difference in values for tmax, the relative differ-
ence with respect to the continuum model is plotted. The error
bars show the effect of varying both ot and oy by 50%.

When using the MD-informed Knudsen model, it is clear that
the time to maximum temperature increases for smaller particles.
Since the free-molecular regime inhibits mass transfer towards the
particle, tmax increases. However, with an increasing particle size,
the new tmax value becomes smaller than with the continuum
model. This result is recognized as an effect of the decreasing MAC
with an increasing Zp. A critical diameter dp . is defined, which
means that if dp < dp, it is important to include the transition
regime. For dp . we define that if one considers tmax/fmax,co < 1.10
as the criterion, critical particle size is found to be dp ¢~ 15 pm.
This criterion suggests that, if one uses a continuum-based model
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Fig. 12. The effect of changes in «r and «y, for a iron particle of (a) + (b) 10 pm and (b) + (¢) 50 pm burning at 21% oxygen concentration. (a) + (c) The particle temperature

and (b) + (d) Zo.

to describe the combustion of iron particles smaller than 10 pum,
the burn time can be underestimated by more than 10% due to
neglecting the effects of transition-regime transport phenomena.

5.5. Effect of particle size on the maximum temperature

Figure 14 shows the maximum temperature (Tpax) as a function
of the particle size, obtained with either the MD-informed Knud-
sen model or the continuum model. The conditions are Xp, = 0.21
and Ty = 300K. Tmax as a function of particle size changes with re-
spect to the continuum model. It is hard to distinguish any transi-
tion regime effects in this curve since due to the decreasing MAC
with increasing Zg, the maximum temperature already decreased
with respect to the continuum model. Ning et al. [27] observed a
decreasing maximum particle temperature with a decreasing par-
ticle size in the range of 25-54 pm. Panahi et al. [28] did not ob-
serve the effect of particle size on the maximum temperature in
the particle size range of 38-53 pm. Judging from the PSD (particle

N

w

[\

tmax,trans/tmax,cont [_]

1 A .
10° 10’ 10°
dp [um]

Fig. 13. The effect of the MD-informed Knudsen model compared to the continuum
model for tmax/tmax.co- Values are obtained with Xo, = 0.21.
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size distribution) used by Panahi et al. [28], namely 38-45 pm and
45-49 pm, the particle samples did not differ significantly in di-
ameter. To ensure that these distributions are not overlapping and
thereby altering the influence of the particle size on the maximum
temperature, a more comprehensive description of the PSD’s used
in the studies would be required.

In the present work, an even opposite trend is observed: The
maximum temperature decreases with increasing particle size.
Since both the amount of potential heat release and thermal in-
ertia scale with dg, the dp vs. Tmax trend can be predicted and

explained by examining how the heat release rate Q, and heat
loss rate Q; scale with the particle size d, (denoted as Q;(dp)). If
the heat loss rate increases faster with particle size than the heat
release rate, then the maximum temperature will decrease with
an increasing particle size. If the heat release rate increases faster
with increasing particle size than the heat loss rate, then the max-
imum temperature will increase. To obtain the decreasing maxi-
mum particle temperature with a decreasing particle size trend,

2800 7
Continuum
= ¥ =Knudsen + MD
_ 2600 b
e i -
— - I II Iz = ~——
= 2400 | -
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=
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10° 10" 102
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Fig. 14. The effect of the MD-informed Knudsen model compared to the continuum
model for Tax. Values are obtained with Xo, = 0.21.
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the following inequality must hold

b

max Qr d dt
M > 1. (33)
‘/'tomax Ql(dp) dt

In completely external-diffusion-limited continuum models ne-

glecting the effects of slip velocity and radiation, both the heat re-
lease rate and the heat loss rate scale with d, (See Egs. (14) and

(15)). Therefore, & o

= X dp
maximum temperglture is expected. A slip velocity will affect how
Tmax scales with dp since it affects both the Sherwood and Nus-
selt numbers, which have an impact on Qr and Ql Since for air the
Lewis number is slightly larger than 1, it holds that Sc > Pr and
therefore Sh(dp) > Nu(dp). As a result, the maximum temperature
will increase with particle size. However, since the Lewis num-
ber is nearly one, the impact is negligible. Ning et al. [27] argue
that a larger particle has less radiation heat loss due to a smaller
surface-to-volume ratio than a smaller particle. However, radiative
heat loss scales with dg and thus total heat loss scales with df,
with m > 1. So in the case of an external-diffusion-limited contin-

uum model with radiation, & 3—5’1, which results in exactly the
p

opposite trend as observed by [27]: The maximum temperature de-
creases as particle size increases. This explains why the maximum
temperature in the model decreases as particle size increases.

Due to the inclusion of chemisorption, the particle is not com-
pletely external-diffusion-limited. This results in a heat release rate
that does not scale linearly in dp (as it would for a fully external-
diffusion-limited particle), but instead scales as dj, with n > 1. This
effect could result in the inequality of Eq. (33). On the other hand,
the impact of the free-molecular regime is a function of particle
size. Therefore, this will also impact the heat release rate, so it
holds
Q 4
—_— X .
Q  dp
The combined effect of chemisorption and transition-regime heat
and mass transfer cannot be used to explain the lowering maxi-
mum particle temperature with a decreasing particle size trend.

To investigate the effect of particle size on the maximum tem-
perature, a parametric study has been conducted. The maximum
temperature vs particle size trend is affected by radiation and
heat transfer in the Knudsen regime, as was previously stated. The
TAC in this work is based on molecular dynamics simulations and
is a function of Zy, with € = 0.7 based on iron-oxide (L2) [24].
Figure 15 demonstrates a sensitivity analysis of the TAC and the
emissivity. The emissivity is adjusted into the emissivity of liquid
iron (L1) € = 0.35 [24], while the TAC is varied between ot =1,
and o =0.1. Only the region above 10 pum is impacted by the

=1 and no particle size effect on the

(34)
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changing emissivity because radiative heat loss only becomes sub-
stantial for larger particles. Variations in emissivity between 0.7
and 0.35 can lower the maximum temperature for the large par-
ticle of 100 pm by about 150K. Small particles are affected signifi-
cantly by changes in the thermal accommodation coefficient, with
variations in the maximum temperature of about 800 K. Assuming
the emissivity of liquid iron (L1) and assuming perfect thermal ac-
commodation (cy = 1) will result in an increasing maximum tem-
perature with increasing particle size trend. However, perfect ac-
commodation for metal-gas interactions is not expected. Therefore,
further research is required to explain and confirm the particle size
effect on the maximum temperature.

6. Conclusions

Molecular dynamics simulations have been performed to inves-
tigate the thermal and mass accommodation coefficients for the
combination of iron(-oxide) and air. The obtained relations for the
TAC and MAC are used in a point-particle Knudsen model to inves-
tigate the effects on the combustion behavior of (fine) iron parti-
cles.

The TAC for the interaction of Fe with N, is almost indepen-
dent of the surface temperature and equals cr = 0.17. For FexOy—
0, interactions, the TAC remains close to unity when the oxidation
degree of the surface is low, but decreases abruptly to 0.2 once it
reaches the stoichiometry of FeO. The MAC decreases as a function
of Zg. A fast decrease is observed if Zy < 0.5 and a weaker decrease
if Zg > 0.5. This trend indicates that once the particle reaches sto-
ichiometric FeO, it becomes more difficult to absorb oxygen.

By incorporating the MD information into the single iron parti-
cle model, a new temperature-time curve for the single iron parti-
cles is observed compared to results obtained with previously de-
veloped continuum models. Since the rate of oxidation slows down
as the MAC decreases with an increasing oxidation stage, the rate
of heat release decreases when reaching the maximum tempera-
ture, such that the rate of heat loss exceeds that of heat release,
while the particle is not yet oxidized to Zy = 0.5. In addition, the
oxidation beyond Zp = 0.5 (from stoichiometric FeO to Fe3Q4) is
modeled. The effect of the transition-regime heat and mass trans-
fer on the burn time becomes more than 10% if the particles are
smaller than 15 pm.

In the cases with relatively high O, concentrations in the gas-
phase, the model overestimates the particle temperature. The reac-
tive cooling slope observed after the maximum particle tempera-
ture, however, reasonably agrees with the experimentally observed
slope. This overestimation could be attributed to either the as-
sumption of a homogeneous mixture with infinitely fast transport
of oxygen inside the particle or to the validity point-particle model
itself. These are areas that should be further investigated in future
work.

The results and findings of the present work provide new in-
sights into the effects of the free-molecular regime and surface
chemisorption on the oxidation of single iron particles that could
open up more comprehensive models for fine iron particle oxida-
tion.
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