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a b s t r a c t 

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 2 and Fe x O y with O 2 is investigated for different surface 

temperatures, while the mass accommodation coefficient for iron(-oxide) with oxygen is investigated for 

different initial oxidation stages Z O , which represents the molar ratio of O / ( O + Fe ) , and different surface 

temperatures. The MAC decreases fast from unity to 0.03 as Z O increases from 0 to 0.5 and then di- 

minishes as Z O further increases to 0.57. By incorporating the MD-informed accommodation coefficients 

into the single iron particle combustion model, the oxidation beyond Z O = 0 . 5 (from stoichiometric FeO 

to Fe 3 O 4 ) 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 Z O = 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 Z O = 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/ ) 
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. Introduction 

Iron powder is considered as a promising metal fuel since it 

s inherently carbon-free, recyclable, compact, cheap and widely 

vailable [2] . To design and improve real-world iron-fuel burn- 

rs, an in-depth understanding of the fundamentals underlying the 

ombustion of fine iron particles is required. 

Over the past five years, the interest in using iron powder as 

 circular carrier of renewable energy has drastically increased. 

cRae et al. [22] , Soo et al. [36] , Tang et al. [39] , Tóth et al.

44] and Li et al. [19] performed experiments with iron dust flames 

o study fundamental characteristics of iron combustion, such as 

ame structure and flame propagation. Tóth et al. [44] and Li 
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t al. [19] identified the formation of nano-particles in their exper- 

ments, where they observed halos of nano-particles surrounding 

he burning iron particles. To gain a more in-depth understanding 

f the oxidation processes of iron particles, the canonical config- 

ration of single iron particle combustion has been investigated 

y multiple researchers. Ning et al. [26,27] performed single par- 

icle combustion experiments where the particles are ignited by a 

aser. They showed that the duration of burning process is sensitive 

o the surrounding oxygen concentration. They also observed that 

he maximum particle temperature increases with gas-phase oxy- 

en concentration while reaching a plateau at sufficiently elevated 

xygen concentrations. Formation of oxide nano-particles during 

he combustion was also recorded. Li et al. [18] investigated the 

gnition and combustion process of single micron-sized iron parti- 

les in the hot gas flow of a burned methane-oxygen-nitrogen mix- 

ure, 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 
Institute. This is an open access article under the CC BY license 
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emperature ( ≈ 1350 K ) with oxygen concentrations of 21% , 50% 

nd 100% . They showed that particle temperature increases signif- 

cantly when the oxygen concentration increases from 21% to 50% , 

ut barely further increases when increasing from 50% to 100% . 

In the past few years, the number of theoretical models for sin- 

le iron particles has increased. Mi et al. [23] investigated the ig- 

ition behavior of iron particles via solid-phase oxidation kinetics 

escribed by a parabolic rate. Jean-Philyppe et al. [15] extended 

his model and investigated the ignition behavior of fine iron par- 

icles in the Knudsen transition regime. They stated that the transi- 

ion effect on the ignition characteristics becomes important if the 

article diameter is below 30 μm. Senyurt and Dreizin [31] stud- 

ed the ignition of metal particles other than iron in the transition 

egime, and stated that transition effects could always be neglected 

or very large (i.e., > 200 μm) particles. While these models only 

ocused on the ignition, Soo et al. [35] developed a generic model 

or the full combustion behavior for non-volatile solid-fuel parti- 

les, wherein the particle oxidation rate depends on reaction kinet- 

cs at the surface of the particle and the external diffusion of oxy- 

en to the particle. Hazenberg and van Oijen [13] further extended 

his model by taking into account the growth of the particle dur- 

ng oxidation. In [41] , a boundary layer resolved model was devel- 

ped so that mass and heat transfer are accurately modeled, in- 

luding Stefan flow. Temperature-dependent properties were used 

or the gas- and condensed-phase species and evaporation was im- 

lemented to investigate the formation of nano-sized iron-oxides 

roducts. It was shown that, although the particle temperature 

emains below the boiling point of iron(-oxide), a non-negligible 

mount of iron mass is lost due to the evaporation of the par- 

icle. Furthermore, it was shown that when only the conversion 

f Fe to FeO is considered up to the maximum temperature, and 

hen internal transport is neglected, a good agreement was ob- 

ained with the experimental data of Ning et al. [27] for the com- 

ustion time and maximum temperature as a function of oxygen 

oncentration. The further oxidation after the particle peak tem- 

erature was, however, not modeled. In a later work of Thijs et al. 

40] , the point-particle model of Hazenberg and van Oijen [13] was 

xtended, with aid of a boundary-layer-resolved model, to include 

emperature-dependent properties, slip velocity, Stefan flow, and 

vaporation. van Gool et al. [12] extended the latter particle model 

nd modeled the particle composition as being uniform and in 

hermodynamic equilibrium, enabling the oxidation beyond stoi- 

hiometric FeO . 

For iron particle combustion, it has been hypothesized that the 

xidation rate of an iron droplet is the result of an interplay among 

hree mechanisms: (1) External diffusion of O 2 from the ambient 

as to particle surface, (2) surface chemisorption of O 2 , and (3) in- 

ernal transport of Fe and O atoms [38] . In the previously discussed 

umerical models, it assumed that mechanism (1) is the rate limit- 

ng step, and that mechanisms (2) and (3) are infinitely fast. How- 

ver, these assumptions are not well investigated. Furthermore, in 

ost of the previously discussed models for iron-particle combus- 

ion, the continuum assumption is used to describe the transport 

rocesses. It is known that, when the size of the particle becomes 

oo small, modeling the heat and mass transfer using the contin- 

um approach becomes invalid. The particle radius, r p , compared 

o the mean free path length of the gas molecules, λMFP , is de- 

cribed by the Knudsen number [20] 

n = λMFP /r p . (1) 

ypically, when Kn is larger than 0.01 [20] , the continuum ap- 

roach is invalid. An elaborate review of modeling heat transfer 

n the transition regime for nano-particles in the context of laser- 

nduced incandescence is presented by Liu et al. [20] . In the pre- 

ious study of Thijs et al. [41] , only relatively large particles of 40

nd 50 μm were considered, ensuring that the transition-regime 
2 
eat and mass transfer has a negligible effect. While [15] and 

31] studied the transition effect on the ignition behavior of metal 

articles, such a study was not performed for the complete com- 

ustion process of single iron particles. 

The heat and mass transfer in the free-molecular regime is de- 

endent on the thermal and mass accommodation coefficients. The 

verage energy transfer when gas molecules scatter from the sur- 

ace is described by the thermal accommodation coefficient (TAC). 

he mass accommodation coefficient (MAC) or absorption coef- 

cient is defined as the fraction of incoming oxygen molecules 

hat are absorbed (accommodated) rather than reflected when they 

ollide with the iron surface. Molecular dynamics simulation can 

e used to investigate these accommodation coefficients. Multi- 

le studies have been performed with molecular dynamics simula- 

ions to investigate the metal surface-gas interactions. In the case 

f highly-rarefied gases ( Kn > 10 ), the interaction between one gas 

olecule and the surface is considered. Chirita et al. [4] performed 

ne of the pioneering studies that consider molecular beam sim- 

lations to simulate incident low energy argon molecules on a 

ickel surface. Later, multiple authors [6,7,21,29,32,33,43] investi- 

ated the gas-surface interactions, considering one gas molecules 

ssuing from a Maxwell–Boltzmann distribution. [7] showed that 

he TAC obtained with such a molecular dynamics simulation well 

grees with experimental data. In less rarefied gases ( Kn < 1 ) gas- 

as interactions become important in addition to the surface- 

as interactions, and can impact the accommodation coefficients 

10,25,37] . Alas, to the authors’ knowledge, a systematic analysis of 

he TAC and MAC for a system of iron(-oxide) surface exposed to 

ir has not yet been reported. Such a study of the MAC is also of

mportance to derive effective chemical kinetics governing the rate 

f further oxidation beyond the stoichiometry of FeO , which are 

issing in literature. 

To study the effect of chemisorption and the effect of the 

ree-molecular regime, molecular dynamics simulations are per- 

ormed to determine the TAC and MAC for an iron(-oxide)-air 

ystem. Then, these values are used in a two-layer point-particle 

odel to examine the effect of chemisorption and the effect of 

he Knudsen transition regime on the combustion behavior of sin- 

le iron particles. The paper is organized as follows. Section 2 de- 

cribes the methodology of the two-layer model used to describe 

he combustion of single iron particles. In Section 3 , the proce- 

ure for the molecular dynamics simulations used to determine 

he thermal and mass accommodation coefficients is discussed. 

ection 4 presents the results of the TAC and MAC obtained from 

hese molecular dynamics simulations. In Section 5 , the results of 

he single iron particle combustion model are discussed. Conclu- 

ions are provided in Section 6 . 

. Model formulation for single iron particle combustion 

In the current study, a two-layer point-particle model is used 

s shown in Fig. 1 . An iron particle oxidation model is coupled to 

 two-layer method to take into account the Knudsen transition 

egime. The iron particle oxidation model assumes a homogeneous 

ixture 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- 

ount via 

1 : Fe + 

1 

2 

O 2 → FeO . (2) 

ere, the oxidation mechanism is extended by considering the fur- 

her oxidation into Fe 3 O 4 . Once all the Fe is converted into FeO , 

he FeO continues to oxidize into Fe 3 O 4 via 

2 : 3 FeO + 

1 

O 2 → Fe 3 O 4 . (3) 

2 
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Fig. 1. The configuration for heat and mass transfer analysis considered in the 

Knudsen model. 
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he oxidation into Fe 2 O 3 is not considered since the re- 

olidification process is rather complex. Furthermore, the impact 

f the oxidation from Fe 3 O 4 into Fe 2 O 3 is rather small since only 

0% of the total energy is released in this step. Based on the ther- 

odynamics of the Fe–O system [14] , it is known that iron-oxide 

an be formed in multiple crystalline structures, i.e., FeO (wustite), 

e 3 O 4 (magnetite), and Fe 2 O 3 (hematite). In the liquid phase of an 

e–O mixture, there are no clear crystalline structures. This region 

n the Fe–O phase diagram consists mainly of two different liq- 

ids denoted by L1 (iron) and L2 (iron-oxide). Therefore, consider- 

ng these phases as “liquid FeO ” and “liquid Fe 3 O 4 ” is not in line 

ith the phase diagram. 

The thermodynamic data for the L1 and L2 mixture are, how- 

ver, unknown. In this work, the thermodynamic data for the L1 

nd L2 mixtures are therefore approximated to be a linear com- 

ination of the liquid-phase data of Fe , FeO , and Fe 3 O 4 . The total 

nthalpy of a liquid iron particle, H liq , tot , is determined via 

 liq , tot = m Fe h Fe + m FeO h FeO + m Fe 3 O 4 h Fe 3 O 4 , (4) 

ith, m i the mass of species i in the particle and h i the mass spe-

ific enthalpy of species i (calculated with the NASA polynomials). 

he liquid-phase polynomials are extrapolated to the boiling point 

f FeO ( T p = 3396 K ). 

The phase diagram of the Fe-O system is dependent on the mo- 

ar ratio of O / ( O + Fe ) , which defines the oxidation stage of the 

liquid) iron particle. Here, this ratio is denoted by Z O , which is the

lemental mole fraction of oxygen in the particle, and is defined as 

 O = 

m O , p /M O 

m Fe , p /M Fe + m O , p M Fe 

, (5) 

here m O , p is the mass of oxygen, m Fe , p the total mass of iron in

he particle, and M O and M Fe are the molar mass of oxygen and 

ron, respectively. In this work, Z O denotes the oxidation stage of 

he iron particle, where Z O = 0 . 5 represents “liquid FeO” and Z O =
 . 57 “liquid Fe 3 O 4 ”. 

To calculate the total enthalpy of the particle, the rates of 

hange of m Fe , m FeO , and m Fe 3 O 4 
need to be tracked. Since the equi-

ibrium vapor pressure calculated with the thermodynamic data of 

iquid Fe 3 O 4 is orders-of-magnitude lower than those of liquid Fe 

nd FeO [27] , evaporation of Fe 3 O 4 is negligible compared to the 

vaporation of Fe and FeO . In [41] it was discussed that the oxida- 

ion of the gaseous iron will further inhibit the diffusion of oxygen 

owards the particle. To include this effect in the current point- 

article model, it is taken into account that Fe(g) and FeO(g) will 

urther oxidize and condense into Fe 2 O 3 . The oxygen consumed by 

he gaseous iron(-oxide) species will limit the total mass transfer 

ate of oxygen. The mass transfer rate of oxygen consumed by the 
3 
aseous iron(-oxide) is given as Fujinawa et al. [11] 

˙ 
 O 2 , vap = s Fe 2 O 3 , Fe(g) 

d m evap , Fe 

d t 
+ s Fe 2 O 3 , FeO(g) 

d m evap , FeO 

d t 
, (6) 

ith s Fe 2 O 3 , Fe(g) and s Fe 2 O 3 , FeO(g) the stoichiometric mass ratios for 

he oxidation of respectively Fe(g) and FeO(g) into Fe 2 O 3 . The rate 

f change of m Fe , m FeO , and m Fe 3 O 4 
are related to the rate of oxi-

ation and the rate of evaporation via 

d m Fe 

d t 
= − 1 

s Fe , 1 

(
˙ m O 2 , 1 − ˙ m O 2 , vap 

)
− d m evap , Fe 

d t 
, (7) 

d m FeO 

d t 

⎧ ⎪ ⎨ 

⎪ ⎩ 

− 1 

s FeO , 1 

(
˙ m O 2 , 1 − ˙ m O 2 , vap 

)
− d m evap , FeO 

d t 
if Z O < 0 . 5 , 

− 1 

s FeO , 2 

(
˙ m O 2 , 2 − ˙ m O 2 , vap 

)
− d m evap , FeO 

d t 
if Z O > 0 . 5 , 

(8) 

d m Fe 3 O 4 

d t 
= − 1 

s Fe 3 O 4 , 2 

(
˙ m O 2 , 2 − ˙ m O 2 , vap 

)
, (9) 

ith ˙ m O 2 , j the mass transfer rate of oxygen to the particle via ei- 

her reaction R1 (denoted by 1) or R2 (denoted by 2) and s i, j is the

toichiometric mass ratio of species i for reaction j. The total mass 

ransfer rate of oxygen is given by ˙ m O 2 
= ˙ m O 2 , 1 

+ ˙ m O 2 , 2 
. Note that 

1 and R2 are sequential reactions in this work, where R2 starts if 

 O > 0 . 5 . Therefore, either ˙ m O 2 , 1 
or ˙ m O 2 , 2 

equals zero. 

To calculate Z O , the mass of O and Fe in the particle must be 

nown. The rate of change of O is related to the rate of oxidation 

nd the rate of evaporation of FeO , while the rate of change of m Fe 

hich is in the particle, is only affected by evaporation 

d m O , p 

d t 
= 

˙ m O 2 −
M O 

M FeO 

d m evap , FeO 

d t 
, (10) 

d m Fe , p 

d t 
= −d m evap , Fe 

d t 
− M Fe 

M FeO 

d m evap , FeO 

d t 
, (11) 

ith M FeO the molar mass of FeO . Temperature-dependent density 

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

nd diameter, see van Gool et al. [12] for the specific polynomials. 

The rate of change of the particle enthalpy is described by 

d H p 

d t 
= q + q rad + 

˙ m O 2 h O 2 −
∑ 

i 

h i, v 
d m evap ,i 

d t 
, (12) 

ith q the heat transfer rate, q rad the radiative heat transfer rate, 

 O 2 
the mass-specific enthalpy of the consumed oxygen and h i, v 

he mass-specific enthalpy of the evaporated species. 

To model the mass transfer rate ˙ m O 2 
and heat transfer rate q , 

 two-layer method is used. Figure 1 illustrates the configuration 

hich is used for the two-layer model. The iron particle is sur- 

ounded by a spherical Knudsen layer δ with a thickness equal to 

he mean free path λMFP of the gas molecules [20] 

MFP = 

k δ
p 

γδ − 1 

9 γδ − 5 

√ 

8 πm O 2 T δ
k b 

, (13) 

ith k δ and γδ being the thermal conductivity and specific heat 

atio derived at the Knudsen layer, p the ambient pressure, m O 2 
he mass of an oxygen molecule, and k b the Boltzmann constant. 

At the Knudsen layer, the gas has a temperature T δ and mole 

raction X δ . In the two-layer method, it is assumed that the heat 

nd mass transfer across the Knudsen layer is quasi-steady [20] . 

herefore, the mass balance at r = δ yields ˙ m O 2 , FM 

= ˙ m O 2 , c 
, with 

˙  O 2 , FM 

the mass transfer rate in the free-molecular regime and 

˙  O 2 , c the mass transfer rate in the continuum regime. Similarly, 

he heat balance can be written as q FM 

= q c . 

The mass transfer rate and heat transfer rate in the continuum 

egime can be described as Senyurt and Dreizin [31] , Thijs et al. 

40] 

˙ 
 O 2 , c = 2 πSh ( δ + r p ) ρO2 , f D f 

(
X O 2 , g − X O 2 ,δ

)
, (14) 
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 c = 2 πNu ( δ + r p ) k f ( T g − T δ ) , (15) 

ith T g is the gas temperature, X O 2 , g the mole fraction of oxygen in 

he gas phase, Nu and Sh the Nusselt and Sherwood numbers, re- 

pectively and ρO2 , f , D f and k f the density of oxygen, the mixture- 

veraged diffusion coefficient and the thermal conductivity derived 

t the film temperature and composition. To include the effect of 

 slip velocity and the oxygen consumption induced Stefan flow 

owards the particle, the Nusselt and Sherwood numbers are cor- 

ected by means of the Reynolds number and the mass and heat 

palding numbers. The Stefan flow corrected Nusselt ans Sherwood 

umbers are determined as 

u = Nu 

∗ ln ( 1 + B T ) /B T , (16) 

h = Sh 

∗
ln ( 1 + B m 

) /B m 

, (17) 

ith Nu 

∗ and Sh 

∗
being Reynolds number dependent correlations 

s described in Thijs et al. [40] . The mass Spalding number is de-

ned as Bird et al. [3] . 

 m 

= 

Y O 2 , g − Y O 2 , p 

Y O 2 , p − 1 

. (18) 

nalogous to the mass Spalding number, a Spalding heat transfer 

umber can be derived as Bird et al. [3] . 

 + B T = ( 1 + B m 

) 
φm , (19) 

here φm 

= 

c p , ox 

c p 
1 
Le 

Sh 
Nu and Le = 

Sc 
Pr is the Lewis number. A constant 

lip velocity in time is used, based on the terminal velocity of the 

ron particle at ambient conditions. For more details of the contin- 

um model, the reader is referred to Thijs et al. [40] . 

The mass transfer rate in the free-molecular regime can be de- 

cribed as Senyurt and Dreizin [31] . 

˙ 
 O 2 , FM 

= αm 

π r 2 p v δρO2 ,δX O 2 ,δ, (20) 

ith αm 

the mass accommodation coefficient and v δ the velocity 

f the gas molecules calculated as 

 δ = 

√ 

8 k b T δ
πm O 2 

. (21) 

Similarly, the heat transfer rate in the free-molecular regime 

ields [20] . 

 FM 

= αT π r 2 p p 

√ 

k b T δ
8 πm O 2 

γ ∗ + 1 

γ ∗ − 1 

(
T p 

T δ
− 1 

)
, (22) 

ith αT the thermal accommodation coefficient and γ ∗ the aver- 

ged specific heat ratio [20] . It is assumed that the slip velocity 

nd Stefan flow do not affect the free-molecular transport and the 

ffect of the transition regime on the evaporation rate is neglected. 

To account for the large variation of temperature and composi- 

ion in the boundary layer, the transport properties are derived at 

lm layer temperature ( T f ) and composition ( X f ), by using the 1/2

lm averaging rule [40] . T f and X f are determined via 

 f = T 1 + 1 / 2 ( T 2 − T 1 ) , (23) 

 f = X 1 + 1 / 2 ( X 2 − X 1 ) . (24) 

n the Knudsen layer, T 1 and X 1 are the values derived at the parti-

le surface, while T 2 and X 2 are determined at the δ layer. For the 

ontinuum layer, T 1 and X 1 are the values derived at the δ layer, 

hile T 2 and X 2 are determined at the far field. 

The two-layer method is implicit—a coupled system of nonlin- 

ar equations must be solved to find the mass and heat transfer 

ates. The molar fraction of oxygen X O 2 , g and the temperature T g 
4 
n the gas phase are known. Therefore, X O 2 ,δ and T δ remain un- 

nown and should be found via an iterative method. In this work, 

he lsqnonlin method of MATLAB was used to solve the coupled 

ystem of nonlinear equations. The Cantera toolbox was used to 

alculate the transport properties in the gas phase. 

. Model formulation for molecular dynamics simulations 

Molecular dynamics simulations are performed to determine 

he TAC and MAC for the interactions between a single gas 

olecule and a iron(-oxide) surface. This is consistent with the 

ree-molecular regime because gas-gas interactions are not con- 

idered. Because an N 2 molecule has a strong triple bond, it is 

nlikely to be chemically absorbed by an iron(-oxide) surface. In 

he case of NO x formation, different species like N and NO could 

ossible interact with the iron particle [30] . In this study, only a 

AC value for the N 2 molecule in combination with an iron sur- 

ace is determined, leaving the study of nitrogen oxides for fu- 

ure work. As a result, the Fe - N 2 interactions are modeled us- 

ng non-reactive potentials. On the contrary, reactive molecular 

ynamics are considered for the Fe x O y - O 2 interactions to com- 

ute the TAC and MAC. In reactive MD simulations, statistical and 

ethodological errors can be introduced [17] . In this study, the 

hermal and mass accommodation coefficients were averaged over 

 number of instances in order to achieve small statistical uncer- 

ainties. Large-scale Atomic/Molecular Massively Parallel Simulator 

LAMMPS) [42] is used to perform the molecular dynamics simu- 

ations. 

.1. Thermal and mass accommodation coefficients 

As previously described, the free-molecular heat transfer rate is 

ependent on the TAC. The TAC describes the average energy trans- 

er when gas molecules scatter from the surface and is defined as 

T = 

〈 E 0 − E i 〉 
3 k B ( T s − T g ) 

, (25) 

ith 〈 ·〉 denoting an ensemble average, E 0 the total energy of the 

cattered molecule, and E i the energy of the incident molecule. The 

enominator represents the maximum energy that could be trans- 

erred from the surface to the gas molecule, with T s the surface 

emperature and T g the gas temperature. 

The free-molecular mass transfer rate is dependent on the MAC. 

he MAC or absorption coefficient is defined as the fraction of in- 

oming oxygen molecules that, upon collision with the iron sur- 

ace, are absorbed (accommodated) rather than reflected. The MAC 

s defined as 

m 

= 

n abs , g 

n tot , g 
, (26) 

ith n abs , g the number of absorbed gas molecules and n tot , g the 

otal number of gas molecules colliding the surface. 

When iron is burned in air, both oxygen and nitrogen may con- 

ribute to the total TAC. The thermal accommodation coefficients 

or Fe with N 2 is independently determined of the interaction be- 

ween Fe x O y with O 2 . The ratio between the numbers of collisions 

f oxygen and nitrogen with the surface is determined by the mo- 

ar fraction, denoted by X O 2 . In the case that an oxygen molecule 

s accommodated to the surface, it does not contribute to the ther- 

al accommodation coefficient. To account for this effect, the total 

AC is calculated as 

T , tot = [ 1 − X O 2 ( 1 − αm 

) ] αT , N 2 + X O 2 ( 1 − αm 

) αT , O 2 . (27) 

ote that if the oxygen molecule is chemically absorbed, the 

mount of enthalpy possessed by the absorbed oxygen is added 

o the total internal energy of the particle. 
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Fig. 2. Initial configuration showing a nitrogen molecule (blue particles) placed 

above an iron surface (brown particles), with Z O = 0 and T p = 20 0 0 K . 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

c

F

t

u

a

s

m

1

o

c

o

p

i

p

T

t

o

1

N

5  

p

N

a

t

v

d

i

c

p

i

e

b

c

U

w  

d

ρ
S

p

t

s

i

p

p

U

w

w

d

w

d

T

f

t

b

a

t

[

J

L

m

M

T

b

a

3

t

T

m

l

Z

w

n

t

a

d

A

e

t

T

o

.2. Fe - N 2 interaction 

To determine the thermal accommodation coefficients, the pro- 

edure as performed by Sipkens and Daun [32] is followed. 

igure 2 shows the initial configuration used to determine the 

hermal accommodation coefficient of the Fe - N 2 system. A molec- 

lar system is defined with a surface of 686 iron atoms initially 

rranged in a body-centered cubic (BCC) lattice, with a lattice con- 

tant of 2.856 Å, and a nitrogen molecule, of which the latter is 

odeled as a rigid rotor. The gas molecule is positioned around 

0 Å above the surface, beyond the range of the potential well. In 

rder to represent a specific surface temperature, a heating pro- 

ess is required for the iron surface to increase the kinetic energy 

f the system. Yan et al. [45] showed that the phase change tem- 

erature obtained with MD simulations depends on the used heat- 

ng process. Therefore, if the surface is expected to be in a solid 

hase, it is heated for 30 ps using the canonical (NVT) ensemble. 

o keep a constant temperature in the NVT ensemble simulations, 

he Nose-Hoover thermostat is applied on the translational degrees 

f freedom of the atoms with a temperature damping period of 

00 fs. The warmed surfaces are then allowed to run first in the 

VT ensemble and then in the micro-canonical (NVE) ensemble for 

 ps after which their state is saved to a file. If the surface is ex-

ected to be in a liquid phase, the surfaces are warmed using the 

ose-Hoover thermostat for 30 ps to 2800 K , equilibrated for 5 ps 

t 2800 K and then gradually cooled down to the target tempera- 

ure within 10 ps. Six different surfaces, each with different initial 

elocities, are generated to obtain a statistically meaningful set of 

ata. Then, incident gas molecules are introduced with their veloc- 

ties sampled from the Maxwell–Boltzmann (MB) distribution. 500 
5 
ases per warmed surface are sampled, which result in 30 0 0 data 

oints per configuration. The equations of motion are advanced us- 

ng the Verlet algorithm with a timestep of 1 fs. 

The interactions between the iron atoms are modeled using the 

mbedded atom method (EAM) potential. The EAM force fields are 

ased on the principle of embedding atoms within an electron 

loud. The EAM potential reads 

 i = 

1 

2 

∑ 

j � = i 
U 2 

(
r i j 

)
− F 

( ∑ 

j � = i 
ρ j 

(
r i j 

)) 

, (28) 

here U 2 is a pairwise potential between atoms i and j, r i j is the

istance between atoms i and j, F is the embedding function, and 

j is the contribution to the electron charge density from atom j. 

ipkens and Daun [32] investigated the effect of different surface 

otentials on the characteristics of an iron lattice, and found that 

he EAM potential of Zhou et al. [46] is the most robust choice 

ince this potential well predicts the phase transitions and exper- 

mentally measured densities. Therefore, this work uses the EAM 

otential of Zhou et al. [46] for the iron surface potentials. 

The gas-surface pairwise potentials are described by the Morse 

otential 

 i j = D 0 

(
1 − e −α( r−r 0 ) 

)2 
, (29) 

here r 0 is the equilibrium bond distance and α controls the 

idth of the potential. 

Daun et al. [7] demonstrated the significance of using a well- 

efined gas-surface potential. They compared the TAC calculated 

ith a Lennard–Jones 6–12 gas-surface potential with parameters 

erived from the Lorentz–Berthelot (LB) combination rules to the 

AC calculated with a Morse potential with parameters derived 

rom ab initio technique. For the LJ potential with LB combina- 

ion rules, the well depth D 0 and finite distance σ were calculated 

y combining these values of the two individual atoms. For the 

b initio calculations a molecule was moved towards a surface and 

hen the potential was calculated from first principles. Daun et al. 

7] showed that the TAC is overestimated when using a Lennard–

ones 6–12 gas-surface potential with parameters derived from the 

orentz–Berthelot (LB) combination rules, but found a good agree- 

ent with the values obtained from experiments when using a 

orse potential with parameters derived from ab initio technique. 

he ab initio calculations for the Fe –N 2 interaction were performed 

y Sipkens et al. [33] . They found D 0 = 2 . 162 meV , α = 0 . 932 Å 

−1 

nd r 0 = 4 . 819 Å. 

.3. Fe x O y - O 2 interaction 

Different iron-oxide surfaces will be generated to investigate 

he effect of the oxidation stage of the iron-oxide surface on the 

AC and MAC. The surface oxidation stage is denoted by the ele- 

ental mole fraction of oxygen in the particle and can be calcu- 

ated as 

 O = 

n O , s 

n tot , s 
, (30) 

ith n O , s being the number of oxygen atoms and n tot , s the total 

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

ion, Z O remains constant in time if no new oxygen molecules are 

bsorbed. 

Before applying the Nose-Hoover thermostats, an FeO lattice is 

eposited in a specific ratio on top of a BCC lattice of Fe atoms. 

n initial distance of 4 Å between the two layers is introduced to 

nsure a natural mixing. The height of the FeO lattice compared to 

he Fe lattice is increased to increase the Z O of the specific surface. 

wo different heating strategies are used to investigate the effect 

f the distribution of oxygen atoms over the surface: 
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Fig. 3. Realization of an iron-oxide surface with Z O = 0 . 11 and T p = 20 0 0 K 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. 
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Table 1 

Inter-atomic potentials used for the different atom-atom pair for either 

the Fe –N 2 or Fe x O y - O 2 interaction. 

Case Atom-atom pair Inter-atomic potential Reference 

Fe –N 2 Fe –Fe EAM potential [46] 

Fe –N 2 N –N Rigid rotor [8] 

Fe –N 2 Fe –N 2 Morse potential [33] 

Fe x O y –O 2 Fe –Fe ReaxFF [1] 

Fe x O y –O 2 O –O ReaxFF [1] 

Fe x O y –O 2 Fe –O ReaxFF [1] 

4

c

i

e

r

f

f

e

r

e

f

4

v

0

T  

l

d

i

c

1. The same heating strategy previously discussed for the Fe sur- 

face is used, with a different heating strategy for a solid or liq- 

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 2800 K , 

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 

 O = 0 . 11 and T p = 20 0 0 K via heating strategy 1. After the surface

ealization, an O 2 molecule is located around 10 Å above the sur- 

ace, beyond the range of the potential well. Figure 4 shows the 

nitial configuration used for the interaction between Fe x O y and 

 2 . 

Reactive molecular dynamics is used to simulate the interaction 

etween Fe x O y - O 2 . Reactive MD uses reactive force fields to accu- 

ately describe bond formation and breaking. ReaxFF [9] is a bond 

rder potential that describes the total energy of the system as 

 system 

= E bond + E over + E under + E val + E tor 

+ E vdWaals + E Coulomb + E additional , (31) 

ith E bond the bond formation/breaking energy, E over and E under 

he over- and undercoordination energy penalties, E val and E tor are 

espectively the valence and torsion angle energies, E vdWaals and 

 Coulomb are the non-bonded van der Waals and Coulomb long- 

ange interactions and E additional are additional correction terms. 

he atomic charges are computed at every timestep using the 

harge equilibration method. A time step of 0 . 1 fs is used, which 

s recommended for reactive MD simulations at high temperatures 

16] . The timestep is held sufficiently small to capture all reac- 

ion events at high temperatures. Six different surfaces, each with 

ifferent initial velocities, are generated to obtain a statistically 

eaningful set of data. Table 1 lists the inter-atomic potentials that 

re used in this work to model the various inter-atomic interac- 

ions. 
6 
. Results of the molecular dynamics simulations 

The results for the mass and thermal accommodation coeffi- 

ients determined from MD simulations are discussed below. It is 

mportant to note here that the MD simulation results are to some 

xtent limited by the available (reactive) force fields. In addition, 

esults from different force fields could differ quantitatively. There- 

ore, care must be taken in the selection of the force field. The ef- 

ect of the available reactive force fields on the predicted thermal 

xpansion is examined and presented in the Supplementary Mate- 

ial. As a result, it is concluded that ReaxFF proposed by Aryanpour 

t al. [1] is suited to reproduce an FeO and Fe 3 O 4 surface. There- 

ore, this reactive force field is used in this work. 

.1. Mass accommodation coefficients 

The mass accommodation coefficient for iron with oxygen is in- 

estigated for different initial oxidation stages, ranging from Z O = 

 to Z O = 0 . 57 , and three different surface temperatures, namely, 

 p = 150 0 , 20 0 0 and 2500 K , of which the latter two are in the

iquid-phase regime. A gas temperature of T g = 300 K is used. The 

istance between the two O atoms of the incident oxygen molecule 

s used as a metric for the MAC. If the inter-atomic distance be- 

omes larger than 1 . 2 × 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 Z O = 0 . 11 and T p = 

20 0 0 K . 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.) 
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en molecule is considered as dissociated, and chemically absorbed 

nto the iron(-oxide) surface. 

As discussed in Section 3.3 , two different heating strategies are 

mployed to investigate the effect of the non-uniform distribution 

f oxygen atoms in the surface. Figure 5 shows the probability den- 

ity of oxygen atoms as a function of normalized z-position (as 

hown in Fig. 3 (d)). For T p = 20 0 0 K , the oxygen atoms are char-

cterized by a relatively uniform distribution, independent of the 

eating strategy. This lack of dependency is, however, not the case 

or T p = 1500 K . With heating strategy 1 (HS1), the oxygen atoms

re not uniformly distributed—a higher concentration is observed 

ear the top surface. Because of the heating rate of HS1, not all 

f the oxygen atoms are sufficiently diffused to reach a uniform 

istribution. As a result, more oxygen atoms are near the surface. 

hen the annealing process of HS2 is used, a spatially more uni- 

orm distribution of oxygen atoms is obtained. 

Figure 6 (a) shows the MAC of oxygen as a function of initial ox- 

dation stage for the three different surface temperatures, obtained 

ith HS2, while Fig. 6 (b) shows a detailed view around Z O = 0 . 57 .

o show the effect of a higher oxygen concentration at the top 

urface, the MAC obtained with HS1 for T p = 1500 K is added to

ig. 6 (a) as a red line. With a homogeneously distributed surface 

btained via HS2, the MAC barely depends on the surface temper- 

ture and decreases as a function of Z O . A fast decrease in MAC 

ith increasing Z O is observed if Z O < 0 . 5 , whereas the decrease of

AC becomes weaker for Z O > 0 . 5 . This result indicates that once

he particle reaches stoichiometric FeO , it becomes more difficult 

o absorb oxygen. 

As depicted in Fig. 6 (a) with the red line, the MAC decreases 

ignificantly if there are more oxygen atoms near the surface. This 

ccumulation at the top surface prevents new oxygen atoms from 
7 
eing accommodated, indicating that the mass accommodation co- 

fficient is affected by the local oxygen concentration near the sur- 

ace. Thus, in this region the MAC is affected by a separation of 

ime scales: The time period over which a gas molecule interacts 

ith the surface is much shorter than the time period over which 

ocal oxygen concentration near the surface changes. Therefore, if 

he iron particle does not have a spatially uniform composition, in- 

ernal transport may limit the oxidation rate of iron particles. 

.2. Thermal accommodation coefficients 

.2.1. Fe –N 2 interactions 

The TAC for the Fe –N 2 interaction is investigated for different 

urface temperatures and a gas temperature of T g = 300 K . An ini-

ially rough surface was created by projecting iron atoms on the 

nitial smooth lattice. It is found that the TAC for the Fe –N 2 inter- 

ction is almost independent of temperature and equals αT = 0 . 17 . 

hese values are consistent with the values experimentally ob- 

ained by Sipkens et al. [33] , who reported a value of 0.10 and 0.17.

he effect of surface roughness on the TAC is discussed in the Sup- 

lementary Material. 

In addition to the surface temperature of iron, the temperature 

f the surrounding gas can change significantly during iron com- 

ustion. Daun [6] and Mane et al. [21] investigated the effect of gas 

emperature on the TAC of nitrogen with soot and hydrogen with 

luminum, respectively. They showed that the TAC is almost in- 

ependent of gas temperature and primarily influenced by surface 

oughness and gas molecular weight. Based on the current MD re- 

ults, a recommended value for the TAC of the interaction between 

e with N 2 equals 0.17. 

.2.2. Fe x O y –O 2 interactions 

The oxygen molecules that do not stick to the surface during 

e x O y - O 2 interactions still contribute to the TAC. Figure 7 shows 

he total thermal accommodation coefficients of the Fe x O y - O 2 in- 

eraction as a function of Z O at three different surface temperatures 

nd a gas temperature of T g = 300 K . When the oxidation degree

f the surface is low, the TAC remains close to unity but decreases 

harply to 0.2 once Z O > 0 . 5 . This trend can be explained by means

f the number of hits that the incoming oxygen molecule has with 

he iron(-oxide) surface. With an increasing Z O , the probability in 

umber of hits decreases since the incoming oxygen is repelled by 

he surface. In other words, in a case with a larger Z O , the oxy-

en molecule spends less time in contact with the surface, and 

herefore does not have the opportunity to equilibrate with the 

urface, resulting in a lower thermal accommodation coefficient. 

ote that, if Z O is small, and thus MAC is large, the amount of scat-

ered oxygen atoms over which the TAC is calculated is low. Since 

he total thermal accommodation coefficient is calculated with 

q. (27) , however, this uncertainty in the low Z O regime could be 

eglected due to the small contribution of αT , O 2 
given by the large 

AC number. 

.3. Discussion of the MD results 

A limitation of the herein used molecular dynamics approach 

o determine the TAC and MAC is the assumption of a clean sur- 

ace. Within experiments, surfaces could be (partly) covered by a 

ayer of gas molecules. Song and Yovanovich [34] proposed a semi- 

mpirical correlation for the TAC of engineering surfaces, which 

akes into account this absorded layer. They state that the corre- 

ation is general and can be used for any combination of gases 

ith a solid surface over a wide temperature range. However, Song 

nd Yovanovich [34] state that a common strategy to create an 

dsorption-free surface within experiments is to heat the surface 

o high temperatures above 10 0 0 K to desorb all of the impurities
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Fig. 5. Probability density function of oxygen atoms z-position for two different heating strategies, T p and Z O . 

Fig. 6. The mass accommodation coefficient of oxygen as a function of initial oxidation stage at three different surface temperatures and T g = 300 K . A detailed view around 

Z O = 0 . 5 is shown in (b). 
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n the surface. The present work is mainly focused on the accom- 

odation coefficients in the liquid-phase regime. Since the current 

D simulations better represent the condition of a liquid-phase 

urface rather than a solid-phase surface with intrinsic roughness, 

he resulting accommodation coefficients in the temperature range 

bove the melting points are likely more accurate. Jean-Philyppe 

t al. [15] used the correlation for the TAC as proposed by Song 

nd Yovanovich [34] to investigate the ignition of iron particles in 

he Knudsen transition regime. A comparison between the TAC of 

he Fe - N 2 interaction obtained with the MD simulations compared 

o the semi-empirical correlation of Song and Yovanovich [34] is 

resented in the Supplementary Material. The TAC of Song and 

ovanovich [34] is about three times larger than the TAC obtained 

ith the molecular dynamics simulations. 
ig. 7. Total thermal accommodation coefficients of the Fe x O y - O 2 interaction as a 

unction of Z O at three different surface temperatures, with T g = 300 K . 
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8 
Nejad et al. [25] performed molecular dynamics simulations to 

nvestigate the influence of gas-wall and gas-gas interaction on dif- 

erent accommodation coefficients. They used a parallel wall ap- 

roach to determine the accommodation coefficients, indicating 

hat an intermediate Knudsen number is modeled. They showed 

hat neglecting the gas-gas interaction results in lower TAC val- 

es with respect to the parallel wall approach: The TAC could be 

round 1.5 times larger if the gas-gas interaction effect were in- 

luded [25] . However, in the two-layer model used in this work, a 

ree-molecular regime is assumed within the Knudsen layer, imply- 

ng that each incoming gas molecule does not interact with each 

ther. Therefore, the accommodation coefficients obtained when 

eglecting the gas-gas interactions are consistent with the used 

wo-layer model. 

.4. Implementation of the MD results in the single iron particle 

ombustion model 

The TAC and MAC obtained from the MD simulations are used 

n the single iron particle combustion model. In the iron particle 

odel, it is assumed that the particle has a homogeneous mix- 

ure, such that there is no internal gradient in oxygen concen- 

ration. Therefore, the TAC and MAC values for Fe x O y - O 2 interac- 

ions are used from HS2, which are a function of Z O and nearly 

ndependent of the surface temperature. In Table 2 the TAC and 

AC for the Fe x O y - O 2 interactions are listed and averaged over 

he three surface temperatures. Within the iron particle combus- 

ion model, these values are used for linear interpolation. However, 

f no further oxidation is modeled after reaching the stoichiometry 

f FeO , a linear fit ( MAC Z O < 0 . 5 
= −1 . 8 Z O + 0 . 9 ) is used for the MAC

uch that αm 

= 0 if Z O = 0 . 5 . Eq. (27) describes the total TAC with

T , N 2 
= 0 . 17 and αT , O 2 

= f (Z O ) . 
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Table 2 

TAC and MAC for the Fe x O y –O 2 interactions, averaged over the three phase temperatures. 

Z O 0 0.11 0.22 0.34 0.45 0.5 0.52 0.53 0.54 0.55 0.56 0.57 

αm 0.908 0.716 0.632 0.211 0.071 0.027 0.010 0.007 0.004 0.003 0.001 0.001 

αT 0.893 0.946 0.919 0.911 0.903 0.774 0.557 0.517 0.371 0.265 0.207 0.154 

Fig. 8. (a) Temperature profile and (b) normalized Damköhler number for an iron particle of 50 μm burning at 21% oxygen concentration. The continuum model is compared 

to the MD-informed Knudsen model. 
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. Results of single iron particle combustion simulations 

In this section, the results of the MD-informed Knudsen model 

or a single iron particle burning in an O 2 - N 2 atmosphere are pre-

ented. An initial particle temperature just above the ignition tem- 

erature, T p , 0 = 1100 K [23] , is considered. 

.1. Combustion behavior 

First, the effect of the new model by only considering the first 

xidation stage up to Z O = 0 . 5 is investigated. The initial conditions

re chosen such that the laser-ignited experiments performed by 

26] are mimicked. A cold gas of T g , 0 = 300 K at 1 atm is consid- 

red. The temperature profiles are shifted such that the particle 

emperature equals T p , 0 = 1500 K at t = 0 ms [27] . 

Figure 8 (a) shows the comparison of the temperature profiles 

etween the continuum model and the MD-based Knudsen model 

or a 50 μm particle burning in X O 2 = 0 . 21 . The temperature vs.

ime curve for the MD-informed Knudsen model changes signif- 

cantly compared to the previously used continuum model. This 

ifference can be explained by examining the Z O value and heat 

ransfer rates plotted in Fig. 9 . In the continuum model, the max- 

mum temperature was located at the position where Z O = 0 . 5 is

eached. At that time, the available iron is completely oxidized, and 

herefore the heat release rate immediately drops to zero. With 
ig. 9. Heat release and heat loss rates (left axis) and Z O (right axis) for an iron particle

ontinuum model and (b) the MD-informed Knudsen model. 

9 
he MD-based Knudsen model, this behavior changes and Z O = 0 . 5 

s reached after the peak temperature. Since the rate of oxidation 

lows down, as the MAC decreases with an increasing oxidation 

tage, the rate of heat loss exceeds the rate of heat release upon 

eaching the maximum temperature of the particle, while the par- 

icle is not yet oxidized to Z O = 0 . 5 . 

With the continuum model, it was discussed that the parti- 

le burns in a regime limited by the external diffusion of oxy- 

en prior to the maximum temperature. One can derive a normal- 

zed Damköhler number Da ∗. If Da ∗ is close to zero, the particle 

urns in a kinetic- (or chemical-) absorption-limited regime, and 

f it is close to unity, the particle burns in an external-diffusion- 

imited regime. Figure 8 (b) shows the normalized Damköhler num- 

er for the same configuration. The normalized Damköhler number 

f the continuum model is determined according to the definition 

f Hazenberg and van Oijen [13] . For the Knudsen + MD model, the 

ormalized Damköhler number is defined as 

a ∗ = 1 − αm 

X O 2 ,δ

X O 2 , g 

, (32) 

here αm 

X O 2 ,δ denotes the molar fraction of oxygen at the particle 

urface X O 2 , p . As discussed before, with the continuum model the 

article burns completely in an external-diffusion-limited regime 

rior to the maximum temperature. This behavior changes in the 

D-informed Knudsen model: Due to the decreasing MAC value 
 of 50 μm burning at 21% oxygen concentration. The results are shown for (a) the 
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Fig. 10. Temperature profile for an iron particle of (a) 34 μm and (b) 50 μm burning at 26% oxygen concentration, with and without further oxidation beyond Z O = 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. 
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ith an increasing oxidation stage, the particle burns in an inter- 

ediate regime. 

.2. Comparison with experimental results 

In [40,41] , only the first stage of combustion, which is the ox- 

dation to Z O = 0 . 5 , was investigated. Due to this assumption, an

nert cooling stage was observed after the peak temperature. How- 

ver, Choisez et al. [5] investigated combusted iron powders and 

iscovered that it primarily consisted of a magnetite and hematite 

ixture, indicating a Z O greater than 0.5. With the MD-informed 

nudsen model, the oxidation beyond Z O = 0 . 5 can be included in

he combustion of a single particle. 

The results of the MD-informed Knudsen model are compared 

ith two sets of experimental data. First, the model is compared to 

he laser-ignited experiments of Ning et al. [27] wherein the parti- 

les burn in air at 300 K . Then, the new temperature curve is com-

ared to the drop-tube experiments of Panahi et al. [28] wherein 

he particles burn in varying oxygen concentrations at 1350 K . The 

xperimental data are averaged over multiple independent single- 

article measurements to obtain a smooth curve. 

.2.1. Comparison with Ning et al. 

Figure 10 shows the temperature profiles for the MD-informed 

nudsen model with and without further oxidation beyond Z O = 

 . 5 for a 34 μm and 50 μm particle burning in air with X O 2 = 0 . 26 .

he dotted line and gray area in Fig. 10 are the mean and standard

eviation of the experimentally obtained temperature profiles, re- 

pectively. 

The particle temperature for smaller particles is overestimated. 

verall, the temperature curve obtained with the MD-informed 

nudsen model shows a better agreement with the experimen- 

ally obtained temperature curve in contrast to the less smooth 

urve obtained with the external-diffusion limited continuum- 

odel prediction, as shown in Fig. 8 . The sharp transition at the 

eak temperature is now a smooth curve. The inclusion of the ox- 

dation beyond Z O = 0 . 5 results in a higher temperature in the tail

f the curve. Instead of inert cooling after Z O = 0 . 5 , a reactive cool-

ng regime is observed. The new numerically obtained slopes after 

he peak temperature qualitatively better agree with the experi- 

ental measurement during the cooling stage. 

.2.2. Comparison with Panahi et al. 

Figure 11 shows the temperature profiles for the MD-informed 

nudsen model with further oxidation beyond Z O = 0 . 5 for a 

9 μm particle burning in air with X O 2 = 0 . 21 , 0.5 and 0.99. The

otted line and gray area are the mean and standard deviation of 
10 
xperimentally obtained temperature profiles, respectively, which 

re calculated via the setup described by Panahi et al. [28] . Note 

hat the effect of the Stefan flow correction on the evaporation rate 

s not taken into account. The data of Panahi et al. [28] are time-

hifted so that the first experimental data point approximates the 

umerical temperature. 

Although the model overestimates the particle temperature at 

he two higher oxygen concentrations, the agreement after the 

aximum temperature is reasonable. The reactive cooling slope 

hich is observed after the maximum particle temperature seems 

o match the experimentally observed slope. This qualitative agree- 

ent implies that the oxidation process of the particle continues 

fter the maximum particle temperature is reached. 

A possible explanation for the overestimation of the particle 

emperature at higher oxygen concentrations could be due to as- 

umption of a homogeneous mixture with infinitely fast inter- 

al transport for cases with these high oxygen concentrations. As 

hown in Section 4.1 , the mass accommodation coefficient signifi- 

antly decreases when the particle does not have a homogeneous 

omposition, but a higher concentration of oxygen atoms near the 

urface. An inhomogeneous internal particle structure could arise 

rom the miscibility gap between liquid iron (L1) and liquid iron- 

xide (L2) [14] or due to the slow diffusion of oxygen in the con- 

ensed phase. Since for high oxygen concentrations in the gas, the 

xternal diffusion of oxygen is fast, the diffusion of oxygen in the 

ondensed phase could be rate-limiting. With an increasing oxi- 

ation stage Z O and an increased oxygen concentration X O 2 in the 

as phase, internal transport could limit the absorption rate of new 

xygen molecule, and therefore limit the maximum particle tem- 

erature. Further (experimental) research is needed to investigate 

he internal particle structure achieved during liquid iron parti- 

le combustion. Another possible explanation is that the current 

oint-particle model is not valid in case of these extreme condi- 

ions. While it is already taken into account that the evaporated 

aseous iron(-oxide) will further oxidize, and therefore inhibit the 

xygen diffusion towards the particle, more components must be 

aken into account. The dense nano-particle cloud surrounding the 

article can to some extent affect the boundary layer. Therefore, 

he validity of Eq. (14) must be reconsidered. On the one hand, 

ncluding gas-phase reactions will enhance the evaporating flux, 

ince gaseous iron will immediately oxidize and is therefore con- 

umed. On the other hand, a strong Stefan flow induced by the 

urface chemisorption of oxygen would inhibit evaporation. Fur- 

hermore, how the nano-particle cloud affects the heat transfer in 

he boundary layer is also not taken into account in the current 

oint-particle model. In [40] boundary-layer resolved simulations 

re performed to validate the current point-particle model, but 
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Fig. 11. Temperature profile for an iron particle of 49 μm 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. 
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nly simulations for relatively low oxygen concentrations are per- 

ormed, without gas-phase kinetics. To validate the current point- 

article model, boundary-layer resolved simulations at these high 

xygen concentrations must be performed to investigate the valid- 

ty of the current point-particle model under these extreme condi- 

ions. 

.3. Effect of αT and αm 

The results of the molecular dynamics simulations are depen- 

ent on the accuracy of the inter-atomic potentials and, perhaps, 

lso on the configuration. Related changes in the TAC and MAC 

ave an effect on the temperature profile during combustion. In 

his section, the TAC and MAC are varied independently to investi- 

ate the effect on the combustion behavior. 

As discussed in Section 4.3 , the TAC could be around 1.5 times 

arger if gas-gas interactions are taken into account. Although ne- 

lecting the gas-gas interaction in the current case is justified, this 

xtreme variation of 50% is used in this section to independently 

ary the TAC and MAC, with a maximum value of 1. Figure 12 

hows the effect on the temperature profile and Z O for a 10 μm and

0 μm particle burning in X O 2 = 0 . 21 and with T g = 300 K . Both αT 

nd αm 

have a significant effect on the particle temperature. For 

he 10 μm particle, the maximum temperature could vary by 200 K 

ue to the variations of αT and αm 

, while for the 50 μm parti- 

le the variation is around 130 K . The effect is more significant for

he smaller particles, since they are more dominated by the free- 

olecular heat and mass transfer. 

An increasing αT results in a lower particle temperature, while 

he opposite is seen for a decreasing αT . With an increasing αT , 

he exchange of kinetic energy between the gas molecules and the 

urface is more efficient, resulting in a greater rate of heat loss 
11 
nd therefore a decreasing particle temperature. A variation in αT 

ardly affects the oxidation rate. 

A variation in αm 

affects both the temperature profile as well 

s the oxidation stage Z O . An increasing αm 

results in a faster 

xidation rate for the iron particle, leading to a faster heat re- 

ease and therefore an increase in particle temperature. Note that 

he variation is relative, and thus the absolute difference with re- 

pect to the original values becomes smaller when αm 

is close to 

ero. 

.4. Effect of transition modeling on the burn time 

The effect of the transition regime on the temperature profile of 

 variety of particles burning in X O 2 = 0 . 21 and with T g = 300 K is

nvestigated. Figure 13 shows the difference for the time to max- 

mum temperature t max obtained with either the continuum and 

ransition model as a function of particle diameter. Only the ox- 

dation to Z O = 0 . 5 is considered for the MD-informed Knudsen 

odel. Here, t max is the time elapsed from T p , 0 = 1100 K to T max .

ue to the large difference in values for t max , the relative differ- 

nce with respect to the continuum model is plotted. The error 

ars show the effect of varying both αT and αm 

by 50%. 

When using the MD-informed Knudsen model, it is clear that 

he time to maximum temperature increases for smaller particles. 

ince the free-molecular regime inhibits mass transfer towards the 

article, t max increases. However, with an increasing particle size, 

he new t max value becomes smaller than with the continuum 

odel. This result is recognized as an effect of the decreasing MAC 

ith an increasing Z O . A critical diameter d p , c is defined, which 

eans that if d p < d p , c , it is important to include the transition

egime. For d p , c we define that if one considers t max /t max , co < 1 . 10

s the criterion, critical particle size is found to be d p , c ≈ 15 μm. 

his criterion suggests that, if one uses a continuum-based model 
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Fig. 12. The effect of changes in αT and αm for a iron particle of (a) + (b) 10 μm and (b) + (c) 50 μm burning at 21% oxygen concentration. (a) + (c) The particle temperature 

and (b) + (d) Z O . 
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o describe the combustion of iron particles smaller than 10 μm, 

he burn time can be underestimated by more than 10% due to 

eglecting the effects of transition-regime transport phenomena. 

.5. Effect of particle size on the maximum temperature 

Figure 14 shows the maximum temperature ( T max ) as a function 

f the particle size, obtained with either the MD-informed Knud- 

en model or the continuum model. The conditions are X O 2 = 0 . 21

nd T g = 300 K . T max as a function of particle size changes with re-

pect to the continuum model. It is hard to distinguish any transi- 

ion regime effects in this curve since due to the decreasing MAC 

ith increasing Z O , the maximum temperature already decreased 

ith respect to the continuum model. Ning et al. [27] observed a 

ecreasing maximum particle temperature with a decreasing par- 

icle size in the range of 25–54 μm. Panahi et al. [28] did not ob-

erve the effect of particle size on the maximum temperature in 

he particle size range of 38–53 μm. Judging from the PSD (particle 
ig. 13. The effect of the MD-informed Knudsen model compared to the continuum 

odel for t max /t max , co . Values are obtained with X O 2 = 0 . 21 . 

m

F

m

12 
ize distribution) used by Panahi et al. [28] , namely 38–45 μm and 

5–49 μm, the particle samples did not differ significantly in di- 

meter. To ensure that these distributions are not overlapping and 

hereby altering the influence of the particle size on the maximum 

emperature, a more comprehensive description of the PSD’s used 

n the studies would be required. 

In the present work, an even opposite trend is observed: The 

aximum temperature decreases with increasing particle size. 

ince both the amount of potential heat release and thermal in- 

rtia scale with d 3 p , the d p vs. T max trend can be predicted and

xplained by examining how the heat release rate ˙ Q r and heat 

oss rate ˙ Q l scale with the particle size d p (denoted as ˙ Q i 

(
d p 

)
). If 

he heat loss rate increases faster with particle size than the heat 

elease rate, then the maximum temperature will decrease with 

n increasing particle size. If the heat release rate increases faster 

ith increasing particle size than the heat loss rate, then the max- 

mum temperature will increase. To obtain the decreasing maxi- 

um particle temperature with a decreasing particle size trend, 
ig. 14. The effect of the MD-informed Knudsen model compared to the continuum 

odel for T max . Values are obtained with X O 2 = 0 . 21 . 
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Fig. 15. The effect of the MD-informed Knudsen model compared to the continuum 

model for T max . Values are obtained with X O 2 = 0 . 21 . 
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he following inequality must hold ∫ t max 

t 0 
˙ Q r ( d p ) dt ∫ t max 

t 0 
˙ Q l ( d p ) dt 

> 1 . (33) 

In completely external-diffusion-limited continuum models ne- 

lecting the effects of slip velocity and radiation, both the heat re- 

ease rate and the heat loss rate scale with d p (See Eqs. (14) and

15) ). Therefore, 
˙ Q r 
˙ Q l 

∝ 

d p 
d p 

= 1 and no particle size effect on the 

aximum temperature is expected. A slip velocity will affect how 

 max scales with d p since it affects both the Sherwood and Nus- 

elt numbers, which have an impact on 

˙ Q r and 

˙ Q l . Since for air the 

ewis number is slightly larger than 1, it holds that Sc > Pr and 

herefore Sh 

(
d p 

)
> Nu 

(
d p 

)
. As a result, the maximum temperature 

ill increase with particle size. However, since the Lewis num- 

er is nearly one, the impact is negligible. Ning et al. [27] argue 

hat a larger particle has less radiation heat loss due to a smaller 

urface-to-volume ratio than a smaller particle. However, radiative 

eat loss scales with d 2 p and thus total heat loss scales with d m 

p ,

ith m > 1 . So in the case of an external-diffusion-limited contin- 

um model with radiation, 
˙ Q r 
˙ Q l 

∝ 

d p 
d m p 

, which results in exactly the 

pposite trend as observed by [27] : The maximum temperature de- 

reases as particle size increases. This explains why the maximum 

emperature in the model decreases as particle size increases. 

Due to the inclusion of chemisorption, the particle is not com- 

letely external-diffusion-limited. This results in a heat release rate 

hat does not scale linearly in d p (as it would for a fully external-

iffusion-limited particle), but instead scales as d n p , with n > 1 . This

ffect could result in the inequality of Eq. (33) . On the other hand,

he impact of the free-molecular regime is a function of particle 

ize. Therefore, this will also impact the heat release rate, so it 

olds 

˙ Q r 

˙ Q l 

∝ 

d n p 

d m 

p 

. (34) 

he combined effect of chemisorption and transition-regime heat 

nd mass transfer cannot be used to explain the lowering maxi- 

um particle temperature with a decreasing particle size trend. 

To investigate the effect of particle size on the maximum tem- 

erature, a parametric study has been conducted. The maximum 

emperature vs particle size trend is affected by radiation and 

eat transfer in the Knudsen regime, as was previously stated. The 

AC in this work is based on molecular dynamics simulations and 

s a function of Z O , with ε = 0 . 7 based on iron-oxide (L2) [24] .

igure 15 demonstrates a sensitivity analysis of the TAC and the 

missivity. The emissivity is adjusted into the emissivity of liquid 

ron (L1) ε = 0 . 35 [24] , while the TAC is varied between αT = 1 ,

nd α = 0 . 1 . Only the region above 10 μm is impacted by the
T 

13 
hanging emissivity because radiative heat loss only becomes sub- 

tantial for larger particles. Variations in emissivity between 0.7 

nd 0.35 can lower the maximum temperature for the large par- 

icle of 100 μm by about 150 K . Small particles are affected signifi-

antly by changes in the thermal accommodation coefficient, with 

ariations in the maximum temperature of about 800 K . Assuming 

he emissivity of liquid iron (L1) and assuming perfect thermal ac- 

ommodation ( αT = 1 ) will result in an increasing maximum tem- 

erature with increasing particle size trend. However, perfect ac- 

ommodation for metal-gas interactions is not expected. Therefore, 

urther research is required to explain and confirm the particle size 

ffect on the maximum temperature. 

. Conclusions 

Molecular dynamics simulations have been performed to inves- 

igate the thermal and mass accommodation coefficients for the 

ombination of iron(-oxide) and air. The obtained relations for the 

AC and MAC are used in a point-particle Knudsen model to inves- 

igate the effects on the combustion behavior of (fine) iron parti- 

les. 

The TAC for the interaction of Fe with N 2 is almost indepen- 

ent of the surface temperature and equals αT = 0 . 17 . For Fe x O y –

 2 interactions, the TAC remains close to unity when the oxidation 

egree of the surface is low, but decreases abruptly to 0.2 once it 

eaches the stoichiometry of FeO . The MAC decreases as a function 

f Z O . A fast decrease is observed if Z O < 0 . 5 and a weaker decrease

f Z O > 0 . 5 . This trend indicates that once the particle reaches sto-

chiometric FeO , it becomes more difficult to absorb oxygen. 

By incorporating the MD information into the single iron parti- 

le model, a new temperature-time curve for the single iron parti- 

les is observed compared to results obtained with previously de- 

eloped continuum models. Since the rate of oxidation slows down 

s the MAC decreases with an increasing oxidation stage, the rate 

f heat release decreases when reaching the maximum tempera- 

ure, such that the rate of heat loss exceeds that of heat release, 

hile the particle is not yet oxidized to Z O = 0 . 5 . In addition, the

xidation beyond Z O = 0 . 5 (from stoichiometric FeO to Fe 3 O 4 ) is 

odeled. The effect of the transition-regime heat and mass trans- 

er on the burn time becomes more than 10% if the particles are 

maller than 15 μm. 

In the cases with relatively high O 2 concentrations in the gas- 

hase, the model overestimates the particle temperature. The reac- 

ive cooling slope observed after the maximum particle tempera- 

ure, however, reasonably agrees with the experimentally observed 

lope. This overestimation could be attributed to either the as- 

umption of a homogeneous mixture with infinitely fast transport 

f oxygen inside the particle or to the validity point-particle model 

tself. These are areas that should be further investigated in future 

ork. 

The results and findings of the present work provide new in- 

ights into the effects of the free-molecular regime and surface 

hemisorption on the oxidation of single iron particles that could 

pen up more comprehensive models for fine iron particle oxida- 

ion. 
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