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a b s t r a c t 

Ignition of iron particles in an oxidizing environment marks the onset of self-sustained combustion. The 

objective of the current study is to quantitatively examine the ignition characteristics of fine iron par- 

ticles (i.e., 1μm- to 100μm-sized) governed by the kinetics of solid-phase iron oxidation. The oxidation 

rates are inversely proportional to the thickness of the oxide layer (i.e., following a parabolic rate law) 

and calibrated using the experimentally measured growth of iron-oxide layers over time. Steady-state (i.e., 

Semenov’s analysis) and unsteady analysis have been performed to probe the dependence of the critical 

gas temperature required to trigger a thermal runaway (namely, the ignition temperature T ign ) on particle 

size, initial thickness of oxide layer, inert gas species, radiative heat loss, and the collective heating effect 

in a suspension of particles. Both analyses indicate that T ign depends on δ0 , i.e., the ratio between the 

initial oxide layer thickness and particle size, regardless of the absolute size of the particle. The unsteady 

analysis predicts that, for δ0 � 0 . 003 , T ign becomes independent of δ0 . Under standard conditions in air, 

T ign is approximately 1080 K for any particle size greater than 5μm. The ignition temperature decreases as 

the thermal conductivity of the oxidizing gas decreases. Radiative heat loss has a minor effect on T ign . The 

collective effect of a suspension of iron particles in reducing T ign is demonstrated. The transition behavior 

between kinetic-controlled and external-diffusion-controlled combustion regimes of an ignited iron par- 

ticle is systematically examined. The influences of initial oxide-layer thickness and particle temperature 

on the ignition delay time, τign , of iron particles are parametrically probed. A d 2 -law scaling between τign 

and particle size is identified. Possible sources of inaccuracy are discussed. 

© 2022 The Authors. 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 is an excellent fuel for long-term storage and long-distance 

ransport of clean energy owing to its carbon-free nature, high 

nergy density, and potential for non-volatile combustion in air 

1–3] . For developing practical energy-conversion technologies 

ased on iron fuel, a better understanding of the fundamen- 

als underlying the combustion process of fine (i.e., micron- to 

undreds-of-micron-sized) iron particles at elevated temperatures 

s required. The full oxidation process of an iron particle in a com- 

ustion system consists of three major stages: (1) Preheating and 

gnition leading to a thermal runaway; (2) a rapid oxidation pro- 

ess of a molten droplet at elevated temperatures until iron is 

ompletely oxidized; (3) a slow further oxidation process of the 
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ower oxidized products, i.e., from FeO or Fe 3 O 4 to Fe 2 O 3 , upon 

ooling. To design a real-world combustion device of iron parti- 

les, quantitative answers are required for the following questions: 

A) Under what conditions can iron particles be ignited? (B) How 

o ensure a non-volatile combustion of molten iron droplets? (C) 

hat are the rates of energy release during the rapid and slow 

ron oxidation processes? To answer these questions, we need to 

etter identify the rate-controlling mechanisms among a complex 

f physicochemical processes in the different stages of iron com- 

ustion, including oxygen diffusion in the gas, oxygen absorption 

t the particle surface, phase change and dissociative evaporation 

f iron and its oxides, solid- and liquid-phase kinetics of iron oxi- 

ation, and heat exchange between particles and the ambient gas. 

oth experimental and theoretical endeavors are required for this 

xploration. 

Prior to the research campaigns on fine iron particles, knowl- 

dge of iron combustion has mostly been acquired from exper- 

mental investigations on the growth of solid iron-oxide scales 
stitute. This is an open access article under the CC BY license 
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1 The melting points of Fe, Fe 2 O 3 , and Fe 3 O 4 , i.e., 1811K, 1838K, and 1870K, re- 

spectively, are all greater than that of FeO. 
n air [4–8] and iron rod combustion in high pressure oxygen 

9–15] . Metallurgical studies [4,5] dated in the 1950s demonstrated 

hat the growth of solid-phase iron oxides on a specimen of pure 

ron at a steady temperature follows a parabolic rate law, namely, 

ith a rate inversely proportional to the thickness of the oxide 

cale. This finding agrees well with the prediction of Wagner’s 

heory [16] asserting that the rate of solid-phase metal oxida- 

ion is controlled by the lattice diffusion of ions across the oxide 

cale [17] . Quantitatively accurate kinetics for solid-phase iron oxi- 

ation can be determined from these experimental results. 

The combustion complex of a mm-diameter iron rod consists 

f a molten droplet of iron and iron oxides attached to a re- 

ction front that melts and propagates into the solid rod [9] . 

reizin [18] elucidated that the burning rate of an iron rod can 

e either limited by the iron oxidation kinetics at sufficiently high 

as temperatures [11,12] or the incorporation rate of gaseous oxy- 

en at low gas temperatures [9,19] . Recent studies by Muller et al .

14,15] reveal more details of the molten mixture formed on the 

op of a laser-ignited iron rod. A spatially non-uniform distribu- 

ion of molten iron, oxides, and gas bubbles inside the droplet was 

dentified [15] . A subsequent modeling work [20] further describes 

he complex thermo-fluid processes within this molten-phase mix- 

ure controlling the burning rate of an iron rod. Alas, quantitatively 

seful information to answer the aforeposed questions for iron- 

article combustion is mostly masked by the intrinsic complexity 

f iron-rod combustion. 

Over the past two decades, the state-of-the-art understanding 

n the combustion of fine iron particles has been advanced by 

esearchers around the globe. This collective effort has, however, 

een mainly focused on experimentally examining [21–28] and 

ualitatively modeling [29–34] the macroscopic observables of 

ame propagation in a dispersion of iron particles in an oxidizing 

as. Although a few recent experimental studies [35–38] attempt 

o monitor the combustion process of individual iron particles, 

n situ measurements of particle temperature and composition 

ave not yet been extensively obtained. Thus, the detailed rate- 

ontrolling mechanisms of iron-particle combustion, especially for 

 molten droplet, remain elusive. Without a physics-based, quan- 

itatively reliable model for calculating the energy release rate of 

n iron particle, the development of high-fidelity simulations of 

arge-scale combustion systems is baseless despite the sophistica- 

ion achieved in modeling other components of the problem. 

This paper reports an effort in seeking a quantitative answer to 

he aforementioned Question (A) with regard to the ignition char- 

cteristics of fine iron particles. To ignite an iron particle means 

hat a set of critical conditions (e.g., gas or particle temperature) 

s satisfied to trigger a thermal runaway—the rate of energy re- 

ease due to iron oxidation exceeds the rate of heat loss to the sur- 

ounding. There is yet no experimental measurement of the criti- 

al particle or gas temperature required for triggering thermal run- 

way (referred to as “ignition temperature in the remainder of this 

aper) of an isolated particle, or a suspension of iron particles, 

n a flame. The experimental data of iron ignition temperature in 

he literature were obtained for suspensions and precipitated beds 

f fine iron powders [39,40] and mm- to cm-sized iron or steel 

pecimens [41–43] . These data, as partly summarized by Breiter et 

l . [44] , are widely scattered owing to the difference in experimen- 

al conditions, specimen properties and morphologies, and defini- 

ion of “ignition temperature”. The experimental measurement re- 

orted by Grosse and Conway [41] and Bolobov [43] are perhaps 

he closest to the herein defined ignition temperature. In Grosse 

nd Conways study [41] , a 10-g-weighted specimen of iron was 

laced in an Alundum crucible and heated to a designated tem- 

erature in an argon atmosphere by an electric furnace, and then, 

 flow of oxygen was fed to the top of the crucible. This procedure

as repeated with an incremented temperature until an event of 
2 
hermal runaway was detected by visual observation. An ignition 

emperature of 1203 ± 10 K was obtained. A similar procedure was 

ollowed by Bolobov [43] to determine the ignition temperature of 

 5 × 5 × 0 . 5 mm low-carbon steel foil. The specimens were heated 

n vacuum to a designated temperature before supplying oxygen. 

he event of a thermal runaway was detected as an abrupt increase 

n the temporal record of specimen temperature. An ignition tem- 

erature of 1233 ± 20 K , independent of ambient oxygen concen- 

ration, was found. Both of these experimental results of ignition 

emperature are significantly below the melting point of FeO, i.e., 

650K, indicating that the ignition process occurs when a particle 

emains completely in solid phase. 1 

Khaikin [45] proposed a generic ignition model for reactive 

etal particles considering the obstructing effect of an oxide layer 

n the reaction rate, but did not apply it for quantitatively esti- 

ating the ignition temperature of iron particles. A quantitative 

odel was developed by Bolobov and Podlevskikh [46] to explain 

he ignition characteristics of a low-carbon steel foil as experimen- 

ally probed in Ref. [43] . Despite some ambiguity in the kinetic 

arameters for iron oxidation, the ignition temperatures predicted 

y Bolobov and Podlevskikhs model [46] are fairly close to the ex- 

erimental results with a discrepancy less than 50 K. The current 

tudy aims to develop a model to quantitatively capture the ig- 

ition characteristics of fine iron particles. To this end, a physics- 

ased kinetic model of solid-phase iron oxidation—a parabolic rate 

aw reflecting that the oxidation rate is controlled by the lattice 

iffusion of Fe cations through oxide layers—is considered in the 

urrent ignition model. The values of the kinetic parameters were 

alibrated against the experimental measurement of growth rates 

f iron-oxide scales over a temperature range from 973 K to 1523 

 obtained by Païdassi [4] . Using this model, the effects of initial 

article size, initial oxide layer thickness, inert gas species, radia- 

ive heat loss, and collective heating in a particulate suspension 

n the ignition characteristics of iron particles are examined. The 

odel prediction of ignition temperature is compared with the ex- 

erimental results of Grosse and Conway [41] and Bolobov [43] . 

he transition behavior between kinetic-controlled and external- 

iffusion-controlled combustion regimes and the ignition delay 

imes of iron particles are further examined. The possible sources 

f error of this model are also discussed. 

. Iron oxidation kinetic model 

.1. Physics underlying solid-phase iron oxidation 

Microscopic cross-section views of a solid-phase oxide scale 

rown on iron under isothermal conditions (over a range in tem- 

erature from 973 K to 1523 K ) in air were first obtained by 

aïdassi in the 1950s [4] . Figure 1 (a) is a sample image from 

ef. [4] showing that an iron-oxide scale consists of three compact 

ayers of hematite ( Fe 2 O 3 ), magnetite ( Fe 3 O 4 ), and wüstite (FeO) 

tacked from the gas-oxide interface to the oxide-iron interface. 

he relative thicknesses of the Fe 2 O 3 , Fe 3 O 4 , and FeO layers with 

espect to the total thickness of the oxide scale are 1% , 4% , and

5% , respectively. As conceptually illustrated in Fig. 1 (b), for a com- 

act oxide film (i.e., without cracks or grain boundaries to facilitate 

xygen transport to the iron core), solid-phase iron oxidation con- 

ists of the following processes: 

1. Diffusion of oxygen ( O 2 ) molecules from the bulk gas to the 

gas-oxide interface. 

2. Incorporation of oxygen into the oxide scale (i.e., a dissociative 

absorption of O 2 molecules as oxygen anions O 

2 −). 
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Fig. 1. (a) A sample cross-section view of a multilayered oxide scale grown on iron as shown by Païdassi [4] ; (b) a schematic illustration showing the key processes 

underlying solid-phase iron oxidation. 
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3. Absorption of iron into the oxide film as iron cations. 

4. Diffusion of ions and electrons through the oxide scale. 

5. Reactions at FeO- Fe 3 O 4 , Fe 3 O 4 - Fe 2 O 3 , and Fe 2 O 3 - O 2 interfaces. 

At relatively low temperatures, the diffusion of oxygen in the 

as phase (Process 1) is much more rapid than the kinetic pro- 

esses (2 to 5) in the solid phase. As the temperature of the 

article increases, the solid-phase kinetics become increasingly 

apid and thus, the external diffusion of oxygen becomes the rate- 

imiting process. In this analysis, the oxidation rate is considered to 

e only controlled by the solid-phase kinetics for determining the 

ritical conditions for particle ignition, i.e., the critical temperature 

equired to trigger thermal runaway, in Sects. 5.1 –5.5 ; a switch- 

ype reaction-rate model, considering the transition from kinetic- 

o external-diffusion-controlled combustion, is used describe the 

gnition behavior of iron particles beyond the critical temperature 

or thermal runaway, in Sects. 5.6 and 5.7 . 

For a sufficiently thick oxide scale, the growth rate of each layer 

s controlled by the diffusion of ions subjected to the equilibrium 

ctivities of Fe and O at the interfaces [47] . Considering the fact 

hat the transport of electrons and the establishment of local equi- 

ibria at the interfaces are significantly more rapid than the diffu- 

ion of ions across the oxide layers, Wagner’s theory [16] relates 

he oxide growth rate to the diffusivity of ions. Since Fe cations 

re significantly more mobile in FeO and Fe 3 O 4 layers than O an- 

ons due to a large size of O anion (1.4 Å) [48] , the growth of ox-

de film is predominantly governed by the outward diffusion of Fe 

ations [7,49] . The growth of the FeO layer is the most rapid due to

he fact that the diffusion coefficient of Fe cations in FeO is greater 

han that in Fe 3 O 4 or Fe 2 O 3 . Such a diffusion-controlled growth 

ollows a parabolic rate law, 

d X i 

d t 
= 

k p ,i 

X i 

(1) 

here X i is the thickness of an oxide layer, k p ,i is the parabolic rate

onstant, and i is the index of each oxide layer. Yurek et al . [6] and

arnaud and Rapp [8] extended Wagner’s theory to show that the 

rowth of a multilayered oxide film on iron follows a parabolic 

ate law governed by the diffusion coefficients of Fe in FeO and 

e 3 O 4 . It is of importance to note that, as revealed by Goursat 

nd Smeltzer [50] , the oxidation kinetics of FeO is independent of 

mbient oxygen concentration over a temperature range (at least) 

rom 1073 K to 1273 K for a partial pressure of O 2 ( p O 2 ) above

 × 10 −4 atm . As the activities of Fe and O at the Fe-FeO, FeO- 

e 3 O 4 , and Fe 3 O 4 - Fe 2 O 3 interfaces are fixed by the phase equilib- 

ia, the growth of FeO and Fe 3 O 4 are barely affected by the ambi- 

nt O 2 concentration [51] . In this analysis, the kinetic rates of FeO 

nd Fe O formation are assumed to be independent of ambient 
3 4 

3 
 2 concentration as long as p O 2 is greater than zero. The implica- 

ion of this assumption on the ignition process—the transition from 

 kinetic-controlled combustion to an O 2 -diffusion-controlled (also 

eferred to as external-diffusion-controlled) combustion—of an iron 

article is discussed in Sect. 5.6 . 

Since the growth of the Fe 2 O 3 layer is significantly slower in 

omparison to the growth of the FeO and Fe 3 O 4 layers, the energy 

elease due to the formation Fe 2 O 3 is negligible. The formation of 

his thin Fe 2 O 3 layer is thus neglected in the current analysis. It 

s, however, of importance to understand the role played by the 

ematite layer on the formation of the inner oxidized layers. There 

s experimental evidence [52,53] indicating that the formation of 

e 2 O 3 is due to both an outward diffusion of Fe cations and an in- 

ard diffusion of O anions at comparable rates (as illustrated in 

ig. 1 (b)), possibly along cracks in the hematite layer. Goursat and 

meltzer [50] showed that the Fe 2 O 3 layer formed upon the Fe 3 O 4 

ayer is a dense “forest” of whiskers and platelets. The growth rate 

f this irregular hematite layer adapts to the ambient O 2 concen- 

ration, establishing an equilibrium at the Fe 3 O 4 - Fe 3 O 2 interface, 

nd thus, making the growth rates of FeO and Fe 3 O 4 independent 

f O 2 concentration. 

.2. Calibration of the kinetic model 

The experimental data of Païdassi [4] reveal that, at a steady 

emperature, the thickness of each oxide layer X i increases with 

quare root of time 
√ 

t at a constant rate, indeed following a 

arabolic rate law. The parabolic rate constant k i can be measured 

s the slope of the fitted line to the experimental data of X i as

 function of 
√ 

t at each temperature, i.e., X i = k i 
√ 

t + X i, 0 , as re-

orted in Table 1 of Ref. [4] . Note that k i can be converted to the

ate constant k p ,i in Eq. 1 via the relation as follows: 

 p ,i = 

k i 
2 

2 

(2) 

he natural logarithmic values of the experimental data of k p ,i for 

he growth of total oxide film thickness (blue diamond), FeO layer 

hickness (red square), and Fe 3 O 4 layer thickness (black circle) are 

lotted in Fig. 2 as a function of the reciprocal of temperature, 

 /T . These data points demonstrate a linear regression, i.e., the 

arabolic rate constant increases exponentially with temperature, 

ndicating that the diffusion of Fe cations in the oxide layers is an 

ctivated process. The temperature dependence of k p ,i can be de- 

cribed by an Arrhenius function as follows, 

 p ,i (T ) = k 0 ,i Exp 

(−T a ,i 
T 

)
(3) 

herein the values of pre-exponential factor k 0 ,i and activation 

emperature T a ,i for the growth of FeO and Fe 3 O 4 layers can be 
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Fig. 2. The natural logarithmic values of the experimental data of k p ,i for the 

growth of total oxide scale thickness (blue diamond), FeO layer thickness (red 

square), and Fe 3 O 4 layer thickness (black circle) plotted as a function of the re- 

ciprocal of temperature, 1 /T , and a fitting line showing a linear regression of the 

corresponding data. Note that the FeO and total oxide growth rates are effectively 

equal due to the much slower growth rate of Fe 3 O 4 . (For interpretation of the ref- 

erences to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Table 1 

Calibrated parameters for the 

parabolic growth rate of FeO and 

Fe 3 O 4 . 

- k 0 ( m 

2 s −1 ) T a (K) 

FeO 2 . 670 × 10 −4 20319 

Fe 3 O 4 1 . 027 × 10 −6 21310 
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alibrated via line fitting to the plotted data points as reported in 

able 1 . 

. Model of iron particle ignition 

In the current analysis, a thermophysical model based on the 

ass and energy balance equations with an empirically calibrated 

inetic model of iron oxidation is used to describe the ignition 

rocess of an isolated iron particle and a suspension of iron parti- 

les. The detailed formulation and major assumptions made in this 

odel are presented this section. 

.1. Model formulation for an isolated iron particle 

This model considers a spherical particle consisting of a core 

f iron, an inner FeO layer, and an outer Fe 3 O 4 layer as illustrated 

n Fig. 3 (a). For the temperature range over which the oxidation 

inetic model is calibrated, i.e., 973 K to 1523 K , the thickness of 

e 2 O 3 is about 1 % of the total thickness of the oxide film. The for- 

ation of Fe 2 O 3 is thus neglected in this model. Since the thermal 

onductivities of Fe and FeO are greater than that of the surround- 

ng gas by two to three orders of magnitude, a typical Biot num- 

er of a fine iron particle is on the order of 0 . 001 − 0 . 01 . Hence, a

niform particle temperature, T p , can be assumed. The particle ex- 

hanges heat with the ambient gas at a temperature T g via convec- 

ive and radiative heat transfer. Other major assumptions on which 

he current model is based are summarized in the list below: 

1. The densities of solid iron, FeO, Fe 3 O 4 are considered as con- 

stant values, i.e., the effect of thermal expansion is neglected. 

Given the fact that, in the temperature range between 900K 

and 1200K, which is relevant to the current analysis, the co- 

efficients of thermal expansion of Fe, FeO, and Fe 3 O 4 vary over 

approximately the same range on the order of 1 × 10 −6 K 

−1 [54–

56] , oxide layer cracking due the mismatch in thermal expan- 

sion between the oxide shell and the metal core is unlikely to 

occur for iron particles. 
4 
2. The phase changes from α-Fe to γ -Fe and from γ -Fe to δ-Fe 

are not considered since the associated latent heats are much 

less than the specific energy release of FeO and Fe 3 O 4 forma- 

tion. The thermodynamic properties of iron used in the calcu- 

lation are those of α-Fe. 

3. Curvature effect on the oxide layer growth is neglected as the 

oxide layer thickness is much less than the particle radius dur- 

ing the ignition process. 

4. The flow velocity of the ambient gas relative to the particle is 

negligible, i.e., the corresponding Reynolds number is zero. 

The mass balance equations for Fe, FeO, and Fe 3 O 4 can be re- 

ated to the parabolic kinetic model ( Eqs. 1 and 3 ) as follows, 

d m Fe 

d t 
= −νFe / FeO 

d m FeO 

d t 
− νFe / Fe 3 O 4 

d m Fe 3 O 4 

d t 
(4) 

d m FeO 

d t 
= ρFeO A FeO 

d X FeO 

d t 
= 

ρFeO A FeO k 0 , FeO 

X FeO 

Exp 

(
−T a , FeO 

T p 

)
(5) 

d m Fe 3 O 4 

d t 
= ρFe 3 O 4 A p 

d X Fe 3 O 4 

d t 
= 

ρFe 3 O 4 A p k 0 , Fe 3 O 4 

X Fe 3 O 4 

Exp 

(
−T a , Fe 3 O 4 

T p 

)
(6) 

here νF e / F eO and νF e / Fe 3 O 4 
are the stoichiometric mass ratios. Note 

hat the formation of FeO takes place at the outer surface of the 

eO layer (with an area A F eO = 4 π(r F e + X FeO ) 
2 ) and the forma-

ion of Fe 3 O 4 at the outer surface of the particle (with an area 

 p = 4 π(r F e + X FeO + X Fe3O4 ) 
2 ). The ratio between the total oxide

ayer thickness and particle radius, δ, and the ratio between the 

e 3 O 4 layer thickness and the total oxide layer thickness, δFe 3 O 4 
, 

re defined as follows: 

= 

X 

r p 
= 

X FeO + X Fe 3 O 4 

r p 
δFe 3 O 4 = 

X Fe 3 O 4 

X 

(7) 

n this analysis, the initial value of δFe 3 O 4 
is set to be 0.05 as in-

erred from experimental measurements [4,5] . Given the fact that 

he total thickness of the oxide layer is much thinner than the ra- 

ius of the iron core, i.e., X 0 � r Fe , 0 and r Fe , 0 ≈ r p , 0 , the initial ra-

io between the oxide layer thickness and the particle radius, δ0 , is 

pproximately proportional to the initial mass fraction of the oxide 

ayer via the follow relation: 

m oxide , 0 

m Fe , 0 

≈ 4 π r Fe , 0 
2 X 0 ρoxide 

4 
3 
π r Fe , 0 

3 ρFe 

= 

3 ρoxide X 0 

ρFe r p , 0 
= 

3 ρoxide δ0 

ρFe 

. (8) 

here ρoxide is the average density of the oxide layer. The initial 

ass fraction of iron oxides is an experimentally measurable quan- 

ity. 

The total enthalpy (or internal energy) of the particle H p is the 

um of the enthalpy of each solid-phase species, 

 p = 

N s ∑ 

i 

m i h i (T p ) 

W i 

(9) 

here N s is the number of solid-phase species, i is the index of 

ach species, and W i is the molar weight of the i th species, and 

 i is the corresponding molar enthalpy as a function of tempera- 

ure described by the Shomate equation based on the NIST Stan- 

ard Reference Data [57] . Knowing the value of H p and m i , particle

emperature T p can be determined via Eq. 9 following an iterative 

oot-finding procedure. The energy balance equation of the particle 

racks the rate of change in H p as follows, 

d H p 

d t 
= q FeO 

d m FeO 

d t 
+ q Fe 3 O 4 

d m Fe 3 O 4 

d t 
− h O 2 (T g ) 

W O 2 

d m O 2 

d t 

− A p 

[
h p (T p − T g ) + σε( T p 

4 − T g 
4 ) 

]
(10) 
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Fig. 3. Schematic of the thermophysical model of (a) an isolated particle consisting of a core of pure Fe, an inner oxide layer of FeO, and an outer oxide layer of Fe 3 O 4 and 

(b) a spherical suspension of reacting iron particles. 
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Table 2 

Properties of Fe, FeO, and Fe 3 O 4 . 

Property Value Unit 

ρFe 7874 kg m 

−3 

ρFeO 5745 kg m 

−3 

ρFe 3 O 4 5170 kg m 

−3 

q FeO 3.787 MJ kg 
−1 

q Fe 3 O 4 4.841 MJ kg 
−1 

ε 0.88 - 
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b

he first two terms on the right-hand side of Eq. 10 are the energy

elease rates due to the formation of FeO and Fe 3 O 4 , respectively, 

here q F eO and q Fe 3 O 4 
are values of the specific energy release that 

re related to the enthalpy of formation H 

◦
f 

of the oxide products 

s q F eO = −�H 

◦
f , F eO (S) 

/W F eO and q Fe 3 O 4 
= −�H 

◦
f , Fe 3 O 4 (S) 

/W Fe 3 O 4 
. The 

hird term in Eq. 10 accounts for the increase in the enthalpy of 

he particle due to the incorporation of the mass of gaseous oxy- 

en 

2 , wherein h O 2 is the molar enthalpy of O 2 given by the NASA 

hermodynamics Database [58] . The mass consumption rate of O 2 

s calculated as follows, 

˙ 
 R 

d m O 2 

d t 
= −νO 2 / F eO 

d m F eO 

d t 
− νO 2 / Fe 3 O 4 

d m Fe 3 O 4 

d t 
(11) 

here νO 2 / F eO and νO 2 / Fe 3 O 4 
are the stoichiometric mass ratios. 

The fourth and fifth terms in Eq. 10 are the rates of convective 

nd radiative heat transfer between the particle and the ambient 

as, respectively. The coefficient of convective heat transfer of the 

article h p can be determined as follows, 

 p = 

Nu λg 

d p 
(12) 

here Nu and d p are the Nusselt number and diameter of the 

article, respectively, and λg is the thermal conductivity of the 

mbient gas mixture of O 2 and an inert species (i.e., N 2 , Ar, He, 

nd Xe considered in this analysis). The thermal conductivity of 

ach gaseous species λi as a function of temperature can be de- 

ermined using the NASA polynomials [58] . The transport proper- 

ies of the gaseous species are evaluated in the particle-gas bound- 

ry layer, T sf . A “two-third law” [59,60] is used to estimate T sf , 

.e., T sf = (2 T p + T g ) / 3 , in this paper. 3 The mixture-averaged ther-

al conductivity λg can then be calculated as follows, 

g = 

1 

2 

( 

N g ∑ 

i 

X i λi + 

1 ∑ N g 
i 

X i /λi 

) 

(13) 

here N g is the number of species in the gaseous mixture and X i 
s the mole fraction of the i th species. The Nusselt number can be 

stimated using the Frössling (or Ranz-Marshal) correlation: 

u = 2 + 0 . 552 Re 
1 
2 Pr 

1 
3 . (14) 
2 The negative value of the mass consumption rate of oxygen, d m O 2 / d t , makes 

he oxygen enthalpy term in the energy balance positive. 
3 Due to the fact that the difference between T p and T g is small during the igni- 

ion process, different ways of estimating T sf does not make a significant difference 

n the prediction of the model. 

m

f

p

t

r

s

5 
s a result of Assumption 4, the Nusselt number equals to two 

i.e., Nu = 2 ) for a spherical object in a quiescent medium, and 

hus, h p = λg /r p . Note that, although the term h p (T p − T g ) describes

he rate of convective heat transfer, it is referred to as “conduc- 

ive heat loss” when discussing the results of the current analysis 

iven the assumption of a quiescent gas medium. In the radiative 

eat transfer term, σ and ε denote the Stefan-Boltzmann constant 

nd the emissivity of the oxide layer ( Fe 3 O 4 ) covering the parti- 

le surface, respectively. A constant value of ε = 0 . 88 is considered 

n this analysis as the total emissivity of magnetite varies slightly 

rom 0.85 to 0.89 as temperature increases from 773 K to 1473 K 

61] . Note that, since the total emissivity of hematite varies from 

.75 to 0.85 over a range in temperature from 850 K to 1300 K 

62,63] , the current model may slightly overestimates the radia- 

ive heat transfer rate of an iron particle covered by a thin layer 

f Fe 2 O 3 . The values of the key properties of the solid species are 

rovided in Table 2 . 

.2. Model formulation for a suspension of iron particles 

This model considers a spherical cloud of iron particles sus- 

ended in a gas mixture of O 2 and an inert species at constant 

ressure. The radius of this spherical suspension (denoted as r s 
hown in Fig. 3 ) will increase as a result of thermal expansion of 

he gas mixture. The model monitors the mass and heat transfer 

etween the particles and the gas mixture (as described by the 

odel for an isolated particle in Sect. 3.1 ) and the heat trans- 

er between the gas mixture and the surrounding gas at a tem- 

erature T ∞ 

outside the suspension. Several simplifying assump- 

ions are made in order to better focus this study on the key pa- 

ameters controlling the ignition characteristics of an iron-particle 

uspension: 
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Fig. 4. Sample results showing the time histories of (a) particle temperature T p 
and (b) the thicknesses of FeO layer (solid curves) and Fe 3 O 4 layer (dashed curves) 

at four different gas temperatures (i.e., from bottom to top, T g = 1060 K, 1075 K, 

1081 K , and 1082 K ) for an initial particle size d p , 0 = 20 μm with an initial oxide 

layer thickness of X 0 = X FeO , 0 + X Fe 3 O 4 , 0 = 10 nm in air ( X O 2 : X N 2 = 0 . 21 :0.79). 
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1. A monodisperse suspension, i.e., all of the particles are of the 

same initial size. 

2. The total volume occupied by the particles is negligible com- 

pared to the total volume of the suspension. 

3. Radiative heat transfer is neglected. 

4. The suspension expands freely at a constant pressure of 1 atm. 

5. No slip between the expanding gas mixture and particles, i.e., 

the spatial distribution of particles expands with the gas mix- 

ture so that the volume of the entire suspension increases due 

to thermal expansion of the gas. 

6. Flow velocity of the surrounding gas relative to the suspension 

is zero. 

Knowing the initial radius of each iron particle, r Fe , 0 , the initial, 

otal mass of iron particles in a suspension, m Fe , tot , 0 , can be related 

o the number of particles N p as follows: 

 Fe , tot , 0 = 

4 πN p ρFe r Fe , 0 
3 

3 

. (15) 

lthough the overall stoichiometry of an iron-oxygen mixture is 

ot uniquely defined, due to multiple possible oxidation states, an 

quivalence ratio considering FeO as the only product can be de- 

ned as follows: 

FeO = 

m Fe , tot , 0 /m O 2 , 0 

2 W Fe /W O 2 

. (16) 

he initial mass of O 2 in the suspension m O 2 , 0 
is related to the 

nitial temperature, T g , 0 , pressure, p 0 , and O 2 mass fraction Y O 2 , 0 : 

 O 2 , 0 = V s , 0 ρg , 0 Y O 2 , 0 = 

p 0 V s , 0 Y O 2 , 0 
R g T g , 0 

, (17) 

here R g is the specific gas constant of the gas mixture, ρg , 0 is the 

nitial gas density, and V s , 0 is the initial suspension volume. Thus, 

y specifying T g , 0 , p 0 , Y O 2 , 0 , r Fe , 0 , r s , 0 , and φFeO , one can calculate

 p , m Fe , tot , 0 , and m O 2 , 0 
via Eqs. 15 –17 as input parameters to this

uspension model. 

Based on the above-listed assumptions, the gas-phase energy 

alance equation of a suspension is formulated as follows: 

d H g 

d t 
= N p A p h p (T p − T g ) + A s h s (T ∞ 

− T g ) . (18)

he total enthalpy of the gas mixture H g is the sum of the en-

halpies of O 2 and an inert species is, 

 g = 

m O 2 h O 2 (T g ) 

W O 2 

+ 

m I h I (T g ) 

W I 

, (19) 

here the subscript “I” denotes the inert species (i.e., N 2 , Ar, He, 

nd Xe considered in this study). The mass balance equation of O 2 

n the suspension is formulated as: 

d m O 2 

d t 
= −N p (νO 2 / FeO 

d m FeO 

d t 
+ νO 2 / Fe 3 O 4 

d m Fe 3 O 4 

d t 
) . (20) 

s the gas temperature, T g , and the mass of O 2 change over time, 

he volume of the suspension changes according to the ideal gas 

aw. Note that an isobaric condition at 1atm is considered in all of 

he calculations with the suspension model. 

. Sample results 

.1. An isolated particle 

Sample results of the calculations considering an isolated iron 

article with an initial diameter d p , 0 = 20 μm and an initial ox- 

de layer thickness X 0 = X FeO , 0 + X Fe 3 O 4 , 0 
= 10 nm ( δ0 = 10 −3 ) in air

 X O 2 : X N 2 = 0 . 21 :0.79) are plotted in Fig. 4 . The subfigures (a) and

b) show the time histories of particle temperature T p and the 

hicknesses of the FeO layer (solid curves) and Fe O layer (dashed 
3 4 

6 
urves), respectively. Each curve corresponds to a case with a dif- 

erent constant gas temperature T g . Particle temperature is initial- 

zed to be equal to T g for all of the cases. The initial thickness 

f the FeO layer is 95% of X 0 . For the cases with T g ≤ 1081 K , as

hown in Fig. 4 (a), T p non-monotonically varies over time, exhibit- 

ng an increase to a peak value followed by an asymptotic de- 

rease to T g . Figure. 4 (b) shows that the oxide layer thicknesses 

or T g ≤ 1081 K reach a quasi-plateau after an initial increase until 

pproximately 0.01 s. For the case with T g = 1082 K , T p increases 

onotonically with time as shown in Fig. 4 (a). This increase in 

emperature becomes abrupt after approximately 0.01 s. The cal- 

ulation was stopped once T p reaches the melting point of FeO 

i.e., 1650 K). At this stopping point, the slopes of the X FeO and 

 Fe 3 O 4 
curves (shown in Fig. 4 (b)) indicate that oxide layer thick- 

esses continue to increase instead of asymptotically approaching 

 plateau value. 

.2. Suspension of particles 

Sample suspension model results shown in Fig. 5 are for the 

ases with an initial suspension radius r s , 0 = 1 cm , particle size 

 p , 0 = 20 μm , and oxide layer thickness of X 0 = 10 nm in air at 

quivalence ratios φFeO = 1 , 0.25, and 0.1. The particle and gas tem- 

eratures of a suspension are initialized to be equal to the sur- 

ounding gas temperature T ∞ 

, and are plotted as dashed and solid 

urves in Fig. 5 , respectively. Each pair of T p and T g curves cor-

espond to a case with a constant T ∞ 

. The curve of T p is slightly

bove that of T g for all of the cases. For the cases with φFeO = 1

s shown in Fig. 5 (a), T ∞ 

≤ 904 K, the resulting temperatures vary 

on-monotonically over time; for the cases with T ∞ 

≥ 905 K, T p and 
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Fig. 5. Sample results showing the time histories of gas temperature T g (solid 

curves) and particle temperature T p (dashed curves) of a suspension of iron par- 

ticles with an initial suspension radius r s , 0 = 1 cm , particle size d p , 0 = 20 μm , and 

oxide layer thickness of X 0 = 10 nm in air ( X O 2 : X N 2 = 0 . 21 :0.79) at equivalence ratios 

(a) φFeO = 1 , (b) φFeO = 0 . 25 , and (c) φFeO = 0 . 1 subjected to different surrounding 

gas temperatures. 
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Fig. 6. Critical temperature for ignition, T ign , as a function of initial particle diame- 

ter, d p , 0 , with three different initial oxide layer thicknesses, i.e., X 0 = 0 . 1 μm (solid 

red curve), X 0 = 10 nm (dashed maroon curve), and X 0 = 1 nm (dash-dotted black 

curve). Results from the current model for an isolated particle in air are compared 

to the result of a model [60] neglecting the obstructing effect of oxide layer on the 

oxidation rate (plotted as the dotted blue curve). (For interpretation of the refer- 

ences to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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 g increase abruptly after a gradual increase over early times. For 

he cases with an increasingly smaller φFeO , the separation be- 

ween T p and T g increases. For the cases with φFeO = 0 . 1 as shown

n Fig. 5 (c), T p increases much more rapidly than T g does. In the

ase with T ∞ 

= 1079 K, while T p promptly increases, T g slightly in- 

reases from the surrounding temperature. 

. Analysis and discussion 

.1. Critical condition of thermal runaway 

A gradual increase in temperature followed by a rapid upsurge 

as identified in some cases shown in Sect. 4 ) indicates a parti- 

le or suspension undergoing a thermal runaway. The bifurcation 

etween the “go” and “no-go” cases is identified as a critical phe- 

omenon of ignition. Based on the time histories resulting from 
7 
he isolated particle and suspension models, critical values of T g 
nd T ∞ 

above which an isolated particle or a suspension under- 

oes a thermal runaway, respectively, can be determined. This crit- 

cal temperature for ignition is referred to as the ignition temper- 

ture and denoted as T ign . In this study, T ign is used as a metric

o probe the effects of various factors contributing to the ignition 

rocess of iron particles. Note that the radiative heat transfer term 

n Eq. 10 is neglected in most of the analysis shown in this sec- 

ion, with an exception of Sect. 5.4 wherein the effect of radiation 

n iron particle ignition is examined. 

.2. Effect of initial particle size and oxide layer thickness 

The results of T ign are plotted in Fig. 6 as a function of ini-

ial particle diameter, d p , 0 , with three different initial oxide layer 

hicknesses for an isolated particle in air. The smallest particle 

ize considered in this set of results is d p , 0 = 1 μm . An igni-

ion temperature significantly below the melting point of FeO is 

ound for all particle sizes above 1 μm over a broad range of ini- 

ial oxide layer thickness from 1nm to 0.1 μm. This result sug- 

ests that micron-sized or larger iron particles, which were used 

n most of the experimental studies on iron-fuel flames [22,24–

8,35] , very likely undergo an ignition process—transitioning from 

 kinetic-controlled reaction to an external-diffusion-controlled 

ombustion—rather than a slow, kinetic-controlled burnout at the 

mbient gas temperature. 

For the case with X 0 = 0 . 1 μm (the solid red curve in Fig. 6 ),

here is a significant decrease in T ign as d p , 0 increases from 1 μm 

o approximately 20 μm; T ign nearly plateaus for further larger par- 

icles. Although qualitatively the same trend is identified for the 

ase with a much thinner initial oxide layer of X 0 = 10 nm (dashed 

aroon curve), T ign decreases less significantly with an increase in 

 p , 0 and reaches nearly the same plateau value ( ≈ 1082 K ) as that 

esulting from the case with X 0 = 0 . 1 μm . For an even thinner ini- 

ial oxide layer of X 0 = 1 nm (dash-dotted black curve), the entire 

urve of T ign plateaus at 1082K, independent of initial particle size. 

his independence of T ign on particle size (for sufficiently large par- 

icles) has been identified as a result of a parabolic oxidation rate 

aw in Khaikin et al .’s [45] generic analysis of metal particle igni- 

ion, which is qualitatively explained as follows: For increasingly 

arge particles, the increase in energy release rate (proportional to 

article surface area, i.e., ∝ d p , 0 
2 
) surpasses the increase in the 

ate of conductive heat removal (proportional to particle size, i.e., 

 d p , 0 ). As a result, larger particles are more prone to ignition. If 
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Fig. 7. (a) Ignition temperature, T ign , as a function of δ0 , the ratio between initial oxide layer thickness and particle radius for an isolated iron particle in air. The results of 

the steady-state analysis based on the Semenov ignition criterion and the unsteady model are plotted as the dashed red curve and solid black curve, respectively. (b) The 

curves of T p and T g satisfying ˙ q R = ˙ q L in the steady-state analysis with various δ0 . The turning point of each curve marks the critical condition for ignition. (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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 parabolic oxidation rate law is considered, however, to heat up 

arger particles requires a greater amount of energy release asso- 

iated with a thicker oxide layer grown, in return, impeding the 

xidation rate. Hence, a large particle size has both enhancing and 

indering effects on the ignition propensity of an iron particle. 

hese mutually compensating effects result in the independence 

f T ign on particle size for sufficiently large particles governed by 

 parabolic oxidation rate law. As a comparison, the result of a 

odel (recently proposed by Hazenberg and Oijen [60] ) neglect- 

ng the impeding effect of an oxide layer on the oxidation rate is 

lotted as the dotted blue curve in Fig. 6 . The resulting T ign persis-

ently decreases as d p , 0 increases, manifesting only the enhancing 

ffect of an increase in particle size. Therefore, prudence must be 

racticed when interpreting the flame simulation results using this 

ikely oversimplified reaction model [60] . 

Further analysis is performed to understand the effect of initial 

xide layer thickness. The criterion for thermal runway is that the 

ate of energy release from iron oxidation, ˙ q R , must exceed the rate 

f heat loss to the surrounding gas, ˙ q L , and is formulated as follows 

neglecting radiative heat transfer): 

˙ q R > ˙ q L 

q F eO 
d m FeO 

d t 
+ q Fe 3 O 4 

d m Fe 3 O 4 

d t 
> A p h p (T p − T g ) . 

(21) 

ote that the rate of energy increase due to the incorporation 

f gaseous oxygen (i.e., the third term on the right-hand side of 

q. 10 ) is also neglected in this simplified criterion. This simpli- 

cation is based on the fact that the specific enthalpy associated 

ith the incorporated O 2 is insignificant compared to the specific 

nergy release of FeO and Fe 3 O 4 formation. Considering the kinetic 

ate laws ( Eqs. 5 and 6 ) and the definition of δ and δFe 3 O 4 
( Eq. 7 ),

he thermal runaway criterion can be written as: 

˜ 
 F eO Exp 

(
−T a , FeO 

T p 

)
(1 − δδFe 3 O 4 ) 

2 
r p 

δ − δδFe 3 O 4 

+ 

˜ q Fe 3 O 4 Exp 

(
−T a , Fe 3 O 4 

T p 

)
r p 

δδFe 3 O 4 

> λg (T p − T g ) r p , (22) 

here ˜ q FeO = ρFeO q FeO k 0 , FeO and ˜ q Fe 3 O 4 
= ρFe 3 O 4 

q Fe 3 O 4 
k 0 , Fe 3 O 4 

. 

q. 22 shows that the energy release rates (left-hand side) and 

onductive heat loss rate (right-hand side) both scale linearly 

ith particle radius, r p . Thus, the thermal runaway criterion is 

ndependent of particle size when only conductive heat transfer 

s considered in the loss rate. As a result, T ign exclusively depends 

n the initial oxide layer to particle radius ratio, δ0 , for a given 

as mixture (while assuming a constant value of δFe 3 O 4 , 0 
= 0 . 05 ) 

s shown in Fig. 7 (a). 
8 
A simple steady-state analysis—neglecting the growth of the ox- 

de layers over time—was first performed to estimate T ign based on 

he Semenov ignition criterion (i.e., solving for T p and T g satisfy- 

ng ˙ q R = ˙ q L and d ̇ q R / d T p = d ̇ q L / d T p ). The relation between T p and

 g satisfying ˙ q R = ˙ q L is plotted as the curves in Fig. 7 (b) for vari-

us δ0 . Each curve exhibits a turning-point behavior. The T p and T g 
t the turning point are found as the critical condition for ignition 

i.e., satisfying d ̇ q R / d T p = d ̇ q L / d T p ). The branches below and above

he turning point correspond to stable and unstable solutions for 

˙  R = ˙ q L , respectively. As shown in Fig. 7 (b), the turning point or 

 ign increases with an increase in δ0 . This steady-state analysis pre- 

iction is also plotted in Fig. 7 (a) as the dashed red curve. This 

rend is due to the fact that reaction rate is greater for an increas- 

ngly thin oxide layer, as described by the parabolic rate law. A 

oteworthy finding of the steady-state analysis is that, as shown 

n Fig. 7 (b), the ignition point can be identified for all values of 

0 regardless of the particle size. In other words, there is no min- 

mum size of an iron particle below which the particle cannot be 

gnited, i.e., ignition degenerates and the particle burnout is lim- 

ted to the kinetic-controlled regime without undergoing a thermal 

unway or transitioning to an external-diffusion-controlled regime. 

his finding is in contrast to the previous work by Soo et al . [64] ,

ho found a minimum particle size for ignition, using a generic 

ombustion model of metal particles that did not consider the ef- 

ect of the oxide layer described by a parabolic rate law. 

As shown in Fig. 7 (a), T ign resulting from the unsteady model, 

hich considers the thickening of the oxide layer over time, is sig- 

ificantly greater than the steady-state estimation and plateaus at 

pproximately 1080 K for δ0 � 0 . 003 , as indicated by the gray ver- 

ical line in Fig. 7 (a). To understand this plateau behavior, the tran- 

ient process of oxide-layer growth must be considered. 

The time histories of particle temperature and oxide-layer 

rowth resulting from the unsteady model for an isolated particle 

n air with d p , 0 = 20 μm and different initial oxide-thickness ratios 

ubjected to two gas temperatures ( T g = 1070 K and T g = 1082 K ) 

re shown in Fig. 8 . The subfigures (a) and (b) correspond to the 

ases with a gas temperature T g = 1070 K that is slightly below 

he plateau value of T ign = 1080 K marked in Fig. 7 . None of these 

ases, with various δ0 , results in a thermal runaway. As shown 

n Fig. 8 (b), δ increases the most rapidly in the case with δ0 = 

0 −4 and collapses onto the curve of δ0 = 10 −3 upon reaching δ ≈
 . 003 (indicated by the gray horizontal line) around t = 1 × 10 −4 s . 

igures 8 (c) and (d) are for the cases with T g = 1082 K , which

s slightly greater than the plateau T ign . The cases with δ0 = 10 −4 

nd δ = 10 −3 result in a thermal runaway while the other two 
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Fig. 8. The time histories of particle temperature, T p [(a) and (c)] and the ratio between oxide layer thickness and particle radius, δ [(b) and (d)], for an isolated iron particle 

in air with d p , 0 = 20 μm and four different initial oxide thickness ratios, i.e., δ0 = 10 −4 (dotted), δ0 = 10 −3 (dash-dotted), δ0 = 10 −2 (dashed), and δ0 = 10 −1 (solid), subjected 

to two gas temperatures, i.e., T g = 1070 K for (a) and (b), and T g = 1082 K for (c) and (d). 
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Fig. 9. The ignition temperature T ign of an isolated iron particle with δ0 = 10 −3 as 

a function of mole fraction of oxygen X O 2 in a bulk gas mixture with different inert 

species, i.e., He (dotted), N 2 (solid), Ar (dashed), and Xe (dash-dotted). 
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t

ases, with greater values of δ0 , do not. Note that the curves of 

for the cases with δ0 = 10 −4 and δ0 = 10 −3 shown in Fig. 8 (d)

re cut off because the calculations were stopped once the melting 

oint of FeO is reached. Again, the δ growth curves for the cases 

ith δ0 = 10 −4 and δ0 = 10 −3 collapse upon reaching δ ≈ 0 . 003 

round t = 1 × 10 −4 s . By comparing the cases with T g = 1070 K 

nd T g = 1082 K , the characteristic time scale of thermal runaway 

s identified to be greater than 1 × 10 −3 s . The order of magnitude 

f this time scale suggests that, for increasingly thin initial oxide 

ayers below δ0 ≈ 0 . 003 , a rapid oxide-layer growth up to a time 

cale of 1 × 10 −4 s has no effect on the later processes determin- 

ng whether a thermal runaway occurs. For sufficiently thin initial 

xide layers, T ign is thus independent of δ0 . 

.3. Effect of inert gas species 

The current model considers the fact that the kinetics of iron 

xidation is controlled by solid-phase diffusion and is independent 

f gas-phase O 2 concentration (at least, for p O 2 > 4 × 10 −4 atm ). 

his means that, as the gaseous composition is varied, the ignition 

haracteristics of an iron particle are only influenced by the change 

n the thermal conductivity of the ambient gas. The T ign resulting 

rom the unsteady model for an isolated particle with δ0 = 10 −3 , 

n a gas mixture with O 2 and different inert species, is plotted as 

 function of the mole fraction of O 2 in Fig. 9 . The result of T ign 

or the case with N 2 (plotted as the solid curve) does not change 

ignificantly as X O 2 varies, owing to the fact that the thermal con- 

uctivities of diatomic gases O 2 and N 2 are very close. For the case 

ith He, the resulting T ign increases with a decrease in X O 2 . This 

rend is due to the fact that He has a higher thermal conductiv- 

ty than that of O . A greater mole fraction of He thus enhances 
2 

9 
he rate of conductive heat loss from the particle to the gas mix- 

ure, resulting in a greater T ign . On the other hand, the T ign for the

ases with Ar and Xe decrease significantly as oxygen mole fraction 

ecreases, since Ar and Xe have an increasingly low thermal con- 

uctivity. A reduced thermal conductivity of the ambient gas has 

 heat preserving effect on a reacting particle, thereby, facilitating 

hermal runaway. 

.4. Effect of radiative heat transfer 

If the heat loss from a particle to the surrounding gas via radia- 

ive heat transfer is considered, the criterion of thermal runaway 
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Fig. 10. The ignition temperature, T ign , of an isolated iron particle of (a) different initial sizes, i.e., d p , 0 = 50 μm (dotted), d p , 0 = 25 μm (dash-dotted), and d p , 0 = 10 μm 

(dashed), with radiative heat transfer to the ambient air and without radiative heat transfer (solid) plotted as a function of δ0 , and (b) different initial oxide layer thicknesses, 

i.e., X 0 = 0 . 1 μm (solid), X 0 = 10 nm (dashed), and X 0 = 1 nm (dash-dotted), with (thick curves) and without (thin curves) radiative heat transfer plotted as a function of d p , 0 . 

The inset in (b) is a zoom-in view showing the resulting trends of T ign for relatively large particles. 
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formulated as Eqs. 21 and 22 ) is augmented as follows: 

 FeO 

d m FeO 

d t 
+ q Fe 3 O 4 

d m Fe 3 O 4 

d t 
> A p h p (T p − T g ) + A p σε( T p 

4 − T g 
4 ) 

˜ q FeO Exp 

(
−T a , FeO 

T p 

)
(1 − δδFe 3 O 4 ) 

2 
r p 

δ − δδFe 3 O 4 

+ ˜ q Fe 3 O 4 Exp 

(
−T a , Fe 3 O 4 

T p 

)
r p 

δδFe 3 O 4 

> λg (T p − T g ) r p + σε( T p 
4 − T g 

4 ) r p 
2 . (23) 

ote that the radiative heat loss rate scales quadratically with par- 

icle size while the energy release rates and conductive heat loss 

ate scale linearly with r p . The heat removal effect due to radia- 

ion is thus enhanced for increasingly large particles. This effect is 

eflected by the results of T ign as a function of δ0 , for the cases

ith various initial particle sizes, and T ign as a function of d p , 0 , for

he cases with different initial oxide layer thicknesses, as shown in 

igs. 10 (a) and (b), respectively. In Fig. 10 (a), the resulting T ign for

he cases with radiative heat loss are greater than the T ign for the 

ase neglecting radiation (the solid curve), and increase with an 

ncreasingly large d p , 0 for all values of δ0 . For a fixed initial oxide 

ayer thickness X 0 and relatively small particle sizes, as shown in 

ig. 10 (b), T ign decreases as d p , 0 increases. The results for the cases 

ith (thick curves in Fig. 10 (b)) and without (thin curves) radiative 

eat loss are indistinguishable below approximately d p , 0 = 10 μm . 

or relatively large particles, e.g., d p , 0 ≥ 60 μm as shown in the in- 

et of Fig. 10 (b), T ign resulting from the cases with radiative heat 

oss slightly increases with an increase in d p , 0 while the T ign with- 

ut radiation effect slightly decrease or plateau. As demonstrated 

y the results in Fig. 10 , the difference in T ign between the cases

ith and without radiative heat loss is less than 20 K, i.e., a rel-

tive discrepancy less than 2% , suggesting that radiative heat loss 

as a minor effect on the ignition characteristics of fine iron parti- 

les. 

.5. Collective heating effect in a suspension of particles 

The results of T ign for a spherical suspension of iron particles 

with δ0 = 10 −3 and a fixed initial particle size of d p , 0 = 20 μm ) in

ir are plotted as a function of φFeO , i.e., the fuel equivalence ratio 

onsidering FeO as the only oxide product in Fig. 11 (a). The calcu- 

ations were performed for a constant gas composition X O 2 : X N 2 = 

 . 21 :0.79 while φFeO is varied by changing the number of parti- 

les inside the suspension according to Eqs. 15 and 16 . As the ini-

ial radius of a spherical suspension increases from r s , 0 = 1 mm 

dashed curve) to 5 cm (dotted curve), the resulting T ign decreases 

rom approximately 1075 K, which is slightly below the T ign for an 

solated particle (indicated by the solid horizontal line), to values 
10 
elow 800K. This reduction in T ign is due to the collective effect 

f energy released by multiple particles suspended within a finite- 

ized volume that is losing heat to the surrounding via its external 

urface [64] . Analogous to an isolated particle, the conductive heat 

oss rate of a spherical suspension scales linearly with suspension 

adius as A s ∝ r s 
2 and h s ∝ 1 /r s . The rate of energy release from

he reacting particles in a suspension scales with N p that is pro- 

ortional to r s 
3 . The increase in energy release rate thus surpasses 

he increase in heat loss rate for an increasingly large suspension. 

his analysis suggests that, as a result of the collective effect, the 

ritical ignition temperature of iron particles within a flame may 

e lower than that for an isolated particle. Future experimental ef- 

ort is required to quantitatively probe the collective heating effect 

n flame propagation in suspensions of iron particles. 

Another remark on the result shown in Fig. 11 (a) is that T ign 

onotonically decreases as φFeO increases. As the kinetic oxidation 

ate is independent of the O 2 concentration of the suspension, the 

verall energy release rate is not affected by a slight depletion of 

 2 prior to transitioning to an external-diffusion-controlled com- 

ustion. Thus, the ignition propensity of a suspension is enhanced 

y an increase in volumetric concentration of iron particles, re- 

ardless of the corresponding equivalence ratio. As φFeO decreases 

o very small values, the volumetric number density of iron parti- 

les approaches zero and, thus, the resulting T ign of a suspension 

everts back to the value of an isolated particle. 

Although T ign of an isolated iron particle is independent of ini- 

ial particle size for a fixed value of δ0 (as discussed in Sect. 5.2 ),

ig. 11 (b) shows that T ign of a suspension increases with d p , 0 of 

ndividual particles for a fixed equivalence ratio φFeO = 1 . For a 

xed iron concentration in a suspension, the smaller the particles 

re, the larger internal surface area is available to reaction, while 

he external surface area of the suspension, for heat loss into the 

urrounding, remains the same. Thus, smaller particles give rise 

o a more pronounced collective effect on enhancing the ignition 

ropensity of a suspension. A similar enhancement due to the col- 

ective effect for smaller particles has also been identified in the 

gnition analysis for agglomerates of metal particles [64,65] . 

.6. Transition from kinetic- to diffusion-controlled combustion 

Although the current model considering a completely kinetic- 

ontrolled reaction rate is sufficient to predict the ignition tem- 

erature, for temperatures greater than T ign , it can be further de- 

eloped to estimate the conditions under which an iron particle 

ransitions from a kinetic-controlled combustion to an external- 
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Fig. 11. The ignition temperature, T ign , of a suspension of iron particles in air with different initial suspension radii, i.e., r s , 0 = 1 mm (dashed), r s , 0 = 1 cm (dash-dotted), and 

r s , 0 = 5 cm (dotted), and δ0 = 10 −3 (a) as a function of fuel equivalence ratio (assuming FeO as the only product) with d p , 0 = 20 μm and (b) as a function of initial particle 

diameter with φFeO = 1 . The value of T ign for an isolated particle (with δ0 = 10 −3 ) in air is marked by the horizontal solid line. 

Fig. 12. Schematic illustrating the diffusion of O 2 from the bulk gas to the particle 

surface. The dashed curve corresponds to the case of the maximum diffusion rate 

at a given O 2 concentration in the bulk gas. 
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iffusion-controlled combustion. This further development is based 

n the generic k − β paradigm [64] of particle reaction that con- 

iders the interplay between the condensed-phase (or heteroge- 

eous) oxidation kinetics and the transport of oxidizer from the 

mbient gas to the particle surface. The kinetic consumption rate 

f O 2 , denoted as ˙ m R , is governed by the parabolic rate laws of iron

xidation as described by Eq. 11 . This kinetic rate is approximated 

o be independent of the gaseous O 2 concentration at the particle 

urface, C O 2 , sf , for any C O 2 , sf > 0 , as justified in Sect. 2.1 . The rate of

 2 mass transport, ˙ m D , from the ambient gas to the particle sur- 

ace (as illustrated in Fig. 12 ) can be estimated as follows, 

˙ 
 D = A p βp (C O 2 , g − C O 2 , sf ) (24) 

here C O 2 , g and C O 2 , sf are the concentrations of O 2 in the bulk gas 

nd at the particle surface, respectively. The diffusive mass transfer 

oefficient βp is expressed as: 

p = 

Sh D O 2 

d p 
. (25) 

he Sherwood number ( Sh ) for a spherical particle can also be cal- 

ulated using the Frössling correlation: 

h = 2 + 0 . 552 Re 
1 
2 Sc 

1 
3 . (26) 

nder the assumption of a quiescent gas medium, Sherwood 

umber equals to two, thus, βp = D O 2 
/r p . The diffusivity, D O 2 

, 

hrough this diffusion boundary layer around a particle is esti- 

ated based on the mixture-averaged thermal conductivity calcu- 

ated via Eq. 13 assuming a unity Lewis number. The maximum O 2 

iffusion rate corresponds to the case wherein C O 2 , sf = 0 as illus- 

rated by the dashed curve in Fig. 12 and can be calculated as: 

˙ 
 D , max = 4 π r p D O C O , g , (27) 
2 2 

11 
here D O 2 
is a function of gas composition and particle surface 

emperature, T sf , estimated via the two-third law based on T p 
nd T g . 

For C O 2 , sf > 0 , the kinetic rate is less than the maximum rate of

 2 diffusion, i.e., ˙ m R < ˙ m D , max , and the O 2 consumption rate of the 

article, ˙ m O 2 
, is completely controlled by the solid-phase kinetics. 

hen C O 2 , sf = 0 , the maximum O 2 diffusion rate is reached such 

hat ˙ m O 2 
must be equal to ˙ m D , max . Considering the nature of solid- 

hase iron oxidation, the generic k − β model can thus be spe- 

ialized to a switch -type model between the kinetic- and external- 

iffusion-controlled oxidation rates as: 

˙ m O 2 = 

˙ m R if ˙ m R < 

˙ m D , max 

˙ m O 2 = 

˙ m D , max otherwise 
, (28) 

o more accurately describe the transitions between the particle 

ombustion regimes at temperatures greater than T ign . Once a par- 

icle transitions into external-diffusion-limited combustion, the to- 

al reaction rate of O 2 , ˙ m O 2 
, is partitioned into the formation rates 

f FeO and Fe 3 O 4 based on the ratio between the kinetic rates (as 

hown in Fig. 2 ) of FeO and Fe 3 O 4 formation at the correspond- 

ng T p , X FeO , and X Fe 3 O 4 
. Figure 13 shows the comparison between

˙  R (dash-dotted curve) and ˙ m D , max (solid curve) resulting from the 

nsteady model for an isolated particle of d p , 0 = 20 μm in air. 

hen ˙ m R exceeds ˙ m D , max , it indicates the transition of a particle 

rom a kinetic-controlled to an external-diffusion-controlled com- 

ustion. The results of ˙ m R and ˙ m D , max stop when T p reaches the 

elting point (m.p.) of FeO. 

The results for the cases with a fixed gas temperature of 

 g = 1250 K and various initial oxide thicknesses are plotted in 

ig. 13 (a)-(c), and for the cases with a fixed initial oxide thick- 

ess ratio of δ0 = 10 −3 and various gas temperatures are plot- 

ed in Fig. 13 (d)-(f). For a relatively thin oxide layer of δ0 = 10 −3 

nd a moderately high gas temperature of 1250 K, as shown in 

ig. 13 (a) and (e), ˙ m R is initially greater than ˙ m D , max for a very 

hort period of time and then decreases below ˙ m D , max around 

 = 10 μs due to the growth of the oxide layer slowing down the 

eaction rate. Over this short period of ˙ m R > ˙ m D , max , the particle 

eaction rate is external-diffusion controlled. After a short oxida- 

ion phase, the oxide layer grows sufficiently that the reaction rate 

lows and a transition to kinetic control is observed. At a later 

ime around t = 2 × 10 −4 s , ˙ m R again becomes greater than ˙ m D , max . 

his crossover marks the transition of the particle from a kinetic- 

ontrolled combustion to an external-diffusion-controlled combus- 

ion prior to reaching the melting point of FeO. This double transi- 

ion behavior is identified in the region of thin initial oxide layer 
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Fig. 13. Comparison between the kinetic consumption rate, ˙ m R , and the maximum external diffusion rate, ˙ m D , max , of O 2 in air for the cases of an initially 20μm-sized particle 

with (a-c) a fixed gas temperature of T g = 1250 K and increasingly large initial oxide thickness ratios and (d-f) a fixed δ0 = 10 −3 and increasingly high gas temperatures. 
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Fig. 14. A map in the parametric space of initial particle temperature T p , 0 ( = T g ) 

and δ0 summarizing different behaviors of transition (prior to the melting point 

of FeO) between particle combustion regimes that are identified via the compari- 

son between ˙ m R and ˙ m D , max for the case with d p , 0 = 20 μm . The different transi- 

tion behaviors are marked as follows: Completely external O 2 -diffusion-controlled 

( ̇ m R > ˙ m D , max , e.g., Fig. 13 (d)); transition from an initially diffusion- to kinetic- 

controlled regime followed by a transition from kinetic- to diffusion-controlled 

regime ( ̇ m R > ˙ m D , max → ˙ m R < ˙ m D , max → ˙ m R > ˙ m D , max , e.g., Figs. 13 (a) and (e)); 

transition from kinetic- to diffusion-controlled regime ( ̇ m R < ˙ m D , max → ˙ m R > ˙ m D , max , 

e.g., Figs. 13 (b) and (f)); completely kinetic-controlled, no transition below the 

melting point of FeO ( ̇ m R < ˙ m D , max , e.g., Fig. 13 (c)). 
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nd moderately high initial particle temperature (which equals to 

as temperature) as marked by the orange circles in Figure 14 . 

For a fixed gas temperature at 1250 K with a larger initial 

xide thickness ratio δ0 = 10 −2 , the particle initially burns un- 

er a kinetic-controlled regime ( ˙ m R < ˙ m D , max ) and transitions to a 

iffusion-controlled combustion shortly prior to reaching the melt- 

ng point of FeO as shown in Fig. 13 (b). A similar transition behav-

or is found for the case with a smaller initial oxide ratio δ0 = 10 −3 

nd a lower gas temperature at 1150K as shown in Fig. 13 (f). In

ig. 14 , the green asterisks mark the cases with a kinetic-to- 

iffusion transition below the melting point of FeO. 

For cases with a sufficiently thin initial oxide layer and high gas 

emperature, e.g., δ0 = 10 −3 and T g = 1350 K as shown in Fig. 13 (d), 

˙  R remains greater than ˙ m D , max throughout the combustion pro- 

ess prior to the FeO melting point, suggesting that the thermal 

unaway process is likely to be completely controlled by the exter- 

al diffusion of O 2 . This scenario is identified for the cases with a 

hin initial oxide thickness and high gas temperature as marked by 

he red crosses in Fig. 14 . This finding implies that, if a particle

s abruptly heated to a sufficiently high temperature without a sig- 

ificant growth of oxide layer (e.g., by laser heating in Ref. [36] ), 

ts ignition characteristics may not be governed by the kinetics of 

olid-phase iron oxidation at all. 

In the case with T g = 1250 K and an even thicker initial oxide 

ayer of δ0 = 10 −1 , ˙ m R remains smaller than ˙ m D , max throughout the 

ntire thermal runaway process prior to reaching the FeO melting 

oint as shown in Fig. 13 (c). Thus, no transition from kinetic- to 

iffusion-controlled combustion occurs before the particle starts to 

elt. The region in the T p , 0 − δ0 parametric space marked by the 

yan plus symbols in Fig. 14 corresponds to the cases without a 

ransition below the melting point. 

.7. The characteristics of ignition delay time, τign 

For isolated particles with heat loss to the surrounding, igni- 

ion delay times, τign , can be determined for the cases with a gas 

emperature (and initial particle temperature) equal to or greater 

han the ignition temperature, i.e., T g = T p , 0 ≥ T ign , using the aug- 

ented reaction-rate model, Eq. 28 . For metal particles, since the 

ncrease of temperature is interrupted by phase changes, ignition 

elay time cannot be conveniently measured based on the mo- 
12 
ent of maximum temperature increase as commonly defined for 

omogeneous reactive mixtures. In this study, τign is measured 

s the time elapsed from the beginning of each calculation with 

 g = T p , 0 to the moment when T p reaches the melting point of FeO, 

.e., 1640 K. This quantity can be measured and compared con- 

istently in future studies. The effects of initial oxide-layer thick- 

ess and particle size on τign of isolated particles are first ex- 

mined in Sects. 5.7.1 and 5.7.2 , respectively. In order to better 

robe the dependence of τign on the reaction nature of iron par- 

icles, τign is also analyzed for adiabatic suspensions of particles in 

ect. 5.7.4 . 

.7.1. Effect of initial oxide-layer thickness on τign of isolated particles 

For a selected initial particle size of d p , 0 = 20 μm , the model 

rediction of τign for isolated iron particles are plotted as color 

ontours in the parametric space of T p , 0 and δ0 , as shown in 

ig. 15 (a). The predicted T ign as a function of δ0 is plotted as 
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Fig. 15. Contour plots of ignition delay time, τign , in the parametric spaces of (a) initial particle temperature T p , 0 ( = T g ) and δ0 for a constant initial particle size of d p , 0 = 

20 μm and (b) initial particle temperature and initial particle diameter for δ0 = 10 −3 . The white curve in each plot indicates the ignition temperature, T ign . The dashed curves 

are the isocontours of τign . The gray curve in (a) indicates the boundary of the completely external-diffusion-controlled regime marked by in Fig. 14 . The gray horizontal 

lines in (b) indicate the boundaries (in T p , 0 ) between the diffusion-controlled, double-transition, and kinetic-to-diffusion-controlled regimes, as identified in Fig. 14 . 

Fig. 16. The model prediction of τign as (a) a function of the reciprocal of initial particle temperature, T p , 0 , with d p , 0 = 20 μm and various values of δ0 , and (b) a function of 

initial particle size, d p , 0 , with δ0 = 10 −3 and various values of T p , 0 . The inset of (b) shows the plot of τign as a function of d 2 p , 0 . 
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he white curve on the color contours. The dashed curves indi- 

ate the isocontours of τign . The gray curve indicates the boundary 

f the completely external-diffusion-controlled region marked by 

in Fig. 14 . Fig. 15 (a) shows that, outside the external-diffusion- 

ontrolled region, the isocontours of τign follow qualitatively the 

ame trend of T ign as a function of δ0 . For a fixed initial particle

ize, a particle with a greater δ0 requires a higher initial tempera- 

ure to result in the same ignition delay time, reflecting the tem- 

erature dependence of kinetic-controlled combustion. Inside the 

iffusion-controlled region, τign barely varies with T p , 0 or δ0 . 

In Fig. 15 (a), it is also of interest to note that the isocontour of

ign = 10 −3 . 2 s follows an opposite trend to those outside the dif- 

usion region: For a fixed initial size, a particle with a greater δ0 

equires a lower initial temperature to result in the same ignition 

elay time. The turning point of the isocontour of τign = 10 −3 . 2 s 

s located on the boundary of the completely diffusion-controlled 

egion, which is marked by the gray curve. This opposite trend is 

bserved since, for a fixed particle size and temperature with an 

ncreasingly large δ0 , the heat capacity (in JK 

−1 ) of the particle 

lightly decreases, resulting in a stronger feedback to thermal run- 

way. 

In Fig. 16 (a), the predicted τign for the cases with d p , 0 = 20 μm 

nd various values of δ0 are plotted as functions of the reciprocal 

f T p , 0 . The curves for the cases with δ0 = 10 −4 and 10 −3 collapse

nto a nearly horizontal line at high temperatures, correspond- 
13 
ng to the diffusion-controlled regime identified in the T p , 0 − δ0 

arametric space. As T p , 0 approaches T ign , marked by the circles in 

ig. 16 (a), τign increases more rapidly than exponential due to an 

ncreasingly pronounced effect of heat loss from the particle to the 

urrounding. 

.7.2. Effect of particle size on τign of isolated particles 

Figure 15 (b) shows the contour plot of τign in the parametric 

pace of T p , 0 and initial particle diameter, d p , 0 , for a fixed value of 

0 = 10 −3 . Although T ign is solely dependent on δ0 , as indicated by 

he horizontal white line in Fig. 15 (b), τign significantly increases 

ith particle size. For the cases with T p , 0 slightly greater than T ign , 

ign increases over three orders of magnitude, i.e., from 10 −4 s to 

.1s, as d p , 0 increases from 1μm to 100μm. The horizontal gray 

ines mark the boundaries of different regimes of particle combus- 

ion in terms of T p , 0 , and show that the transition behavior be- 

ween kinetic- and diffusion-controlled combustion regimes is in- 

ependent of particle size. This independence is due to the fact 

hat the kinetic rate of oxidation, ˙ m R , and the maximum diffusion 

ate of O 2 from the bulk gas, ˙ m D , max , both linearly scale with par- 

icle size, as shown below: 

˙ m R = ˜ νO 2 / FeO Exp 

(
−T a , FeO 

T p 

)
(1 −δδFe 3 O 4 

) 
2 

r p 

δ−δδFe 3 O 4 

+ ˜ νO 2 / Fe 3 O 4 Exp 

(
−T a , Fe 3 O 4 

T p 

)
r p 

δδFe 3 O 4 

˙ m D , max = 4 π r p D O 2 C O 2 , g , 

(29) 
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Fig. 17. (a) The natural logarithm of τign predicted for adiabatic suspensions of iron 

particles with d p , 0 = 20 μm and various values of δ0 , plotted as functions of the 

reciprocal of initial particle temperature, i.e., 10 0 0 K /T p , 0 . (b) Com parison between 

the kinetic consumption rate, ˙ m R , and the maximum external diffusion rate, ˙ m D , max , 

of O 2 in air for the cases with δ0 = 10 −3 and 1 © T p , 0 = 10 0 0 K , 2 © T p , 0 = 1050 K , 3 ©
T p , 0 = 1150 K , 4 © T p , 0 = 1250 K , and 5 © T p , 0 = 1400 K , as marked in (a). 
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here ˜ νO 2 / F eO = νO 2 / FeO ρFeO k 0 , FeO and ˜ νO 2 / Fe 3 O 4 
= νO 2 / Fe 3 O 4 

ρFe 3 O 4 
 0 , Fe 3 O 4 

. 

As shown in Fig. 15 (b), below the boundary of the completely 

iffusion-controlled regime at 1281 K, the isocontours of τign (i.e., 

he dashed curves) show that a larger particle requires a greater 

nitial temperature to result in the same ignition delay time. In 

he completely diffusion-controlled regime, the isocontours of τign 

re nearly vertical, indicating that, for a fixed initial particle size, 

ign very slightly depends on particle temperature. This slight de- 

endence is owing to the temperature-dependence of the trans- 

ort properties of the gaseous species near the particle surface. 

he contour plot in Fig. 15 (b) shows that τign significantly increases 

ith initial particle size. This trend is further clarified in Fig. 16 (b) 

howing τign as functions of d p , 0 for δ0 = 10 −3 and different val- 

es of T p , 0 . The inset of Fig. 16 (b) demonstrates that τign scales 

ith d 2 p , 0 at all of the values of T p , 0 corresponding to both kinetic- 

nd diffusion-controlled regimes. The ignition delay time is propor- 

ional to the thermal capacity of the particle and inversely propor- 

ional to the reaction rate. As shown in Eq. 29 , both kinetic- and

iffusion-controlled reaction rates linearly scale with particle size. 

he thermal capacity of the particle scales with particle volume, 

.e., ∝ d 3 
p , 0 

. Thus, the scaling between τign and particle size follows 

 d 2 -law 

4 

.7.3. Ignition delay time of adiabatic suspensions of particles 

To better examine the dependence of τign on the reaction na- 

ure of iron particles, the model prediction of τign for adiabatic sus- 

ensions is analyzed in this section. As the size of a spherical sus- 

ension of particles becomes sufficiently large, i.e., r s → ∞ , the 

onductive heat transfer from the boundary of the suspension to 

he inert surrounding becomes negligible. An adiabatic suspension 

an thus be understood as an infinitely large cloud of suspended 

articles. The critical ignition temperature for such a suspension 

oes to the limit of zero. In other words, any initial temperature 

an trigger a thermal runaway of an adiabatic suspension. Thus, 

ign , consistently defined as the time at which the particle temper- 

ture reaches the melting point of FeO, can be measured over a 

road range of initial particle (and gas) temperatures. 

Figure 17 (a) shows the natural logarithm of τign predicted for 

diabatic suspensions of iron particles with d p , 0 = 20 μm and vari- 

us values of δ0 , plotted as functions of the reciprocal of initial par- 

icle temperature, i.e., 10 0 0 K /T p , 0 . Over the entire range of tem- 

erature from 973 K to 1523 K, the predicted curve for the case 

ith a relatively thick initial oxide layer of δ0 = 10 −1 follows a 

early linear trend with a slope of the activation temperature of 

eO formation. This linear trend indicates that the reaction rate of 

he particles is kinetic-controlled during the ignition process. As δ0 

ecreases from 10 −1 to 10 −4 , the curves of ln (τign ) vs. 1 /T p , 0 be- 

ome increasingly nonlinear. 

To understand this nonlinear trend, the kinetic rate of oxy- 

en consumption, ˙ m R , and the maximum external-diffusion rate, 

˙  D , max , for the cases with δ0 = 10 −3 and five selected values of 

 p , 0 (as marked in Fig. 17 (a)) across the herein studied temper- 

ture range, are compared in Fig. 17 (b). At a sufficiently high 

emperature, e.g., Case 5 © with T p , 0 = 1400 K , the ignition pro- 

ess is completely diffusion-controlled, as ˙ m D , max < ˙ m R throughout 

he entire process. In this completely diffusion-controlled regime, 

ign becomes independent of oxide layer thickness, as shown in 

ig. 17 (a) that the curves of 10 −2 , 10 −3 , and 10 −4 collapse. For

ase 4 © with T p , 0 = 1250 K , the ignition process is partly diffusion- 
4 It is of interest to note that, if the oxidation kinetics follow a linear rate law 

e.g., in the generic particle combustion model proposed by Soo et al . [64] ), ˙ m R 

cales with particle surface area, i.e., ∝ d 2 p , 0 , and thus, the scaling of τign with par- 

icle size must follow a d-law. 

m

s

w

t

s

14 
ontrolled as indicated by the double-transition behavior identified 

n Fig. 17 (b). The gradual increase in the slope of the ln (τign ) - 

s.- 1 /T p , 0 curve from Case 5 © to Case 4 ©, as shown in Fig. 17 (a),

an be attributed to this partly diffusion-controlled regime. Cases 

1 - 3 © with relatively low initial temperatures undergo a com- 

letely kinetic-controlled ignition process, as shown by the com- 

arison between ˙ m D , max and ˙ m R plotted in Fig. 17 (b). The resulting 

n (τign ) -vs.- 1 /T p , 0 curve follows a nearly linear trend with a slope 

f −T a , FeO over two separated ranges of T p , 0 , which are marked by 

ases 1 © and 3 ©. In the intermediate temperature range marked by 

ase 2 ©, τign decreases more rapidly with an increase in T p , 0 than 

he slope of −T a , FeO . This anomalous dependence of ignition delay 

ime on temperature is likely due to the fact that τign is measured 

s the time when T p reaches a fixed temperature, i.e., the melt- 

ng point of FeO. Thus, the particles with a higher initial tempera- 

ure, not only have a greater kinetic reaction rate, but also require 

 smaller amount of energy release to reach the melting point of 

eO. 

.7.4. Ignition delay time of non-adiabatic suspensions of particles 

To more clearly demonstrate the collective heating effect, the 

odel prediction of τign as a function of φFeO for non-adiabatic 

uspensions at a common surrounding gas temperature, 1087 K, 

hich is slightly above the T ign for an isolated particle, is plot- 

ed in Fig. 18 . The resulting τign for suspensions of different initial 

izes are on the same order of magnitude as τign for an isolated 
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Table 3 

Comparison between experimental measurements and predictions by the current model of T ign of various iron (or steel) specimens. 

T ign (K) Specimen Conditions 

Grosse & Conway, exp. [41] 1203 ± 10 10-g-weighted iron Flow of O 2 at 1 atm 

Bolobov, exp. [43] 1233 ± 20 5 × 5 × 0 . 5 mm low-carbon steel foil O 2 at 0.14-0.6 MPa 

Gorokhov (reviewed), exp. [39] 588 − 1053 Cloud of sub-mm Fe particles Air at 1 atm 

Gorokhov (reviewed), exp. [39] 553 − 733 Precipitated layer of sub-mm Fe particles Air at 1 atm 

Current analysis 1080 Isolated Fe particle with δ0 � 0 . 003 Air at 1 atm 

Current analysis 760 − 902 Spherical suspensions of Fe particles of d p , 0 = 20 μm , φFeO = 1 , and r s , 0 = 5 cm − 1 cm Air at 1 atm 

Fig. 18. The ignition delay time, τign , of a non-adiabatic suspension of iron particles 

in air with different initial suspension radii and δ0 = 10 −3 , as a function of fuel 

equivalence ratio (assuming FeO as the only product) with d p , 0 = 20 μm at a fixed 

temperature 1087 K, i.e., slightly above T ign for an isolated particle. The value of τign 

for an isolated particle in air is marked by the horizontal solid line. The τign for an 

adiabatic suspension is plotted as the thick cyan curve. 
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article. For larger values of φFeO , τign of suspensions becomes in- 

reasingly lower than that for an isolated particle due to a more 

ronounced collective heating effect. Furthermore, for a sufficiently 

arge non-adiabatic suspension, i.e., r s , 0 ≥ 1 cm , the resulting τign 

pproaches to the values for adiabatic suspensions as indicated by 

he cyan curve in Fig. 18 . It has been demonstrated in Sect. 5.6 that

he collective heating mechanism can significantly reduce the ig- 

ition temperature of sufficiently large non-adiabatic suspensions 

ith sufficiently high particle number densities. Note that, at a re- 

uced T ign , the ignition delay time of a suspension can be signifi- 

antly longer than that of an isolated particle at its corresponding, 

igher, T ign . 

.8. Comparison with experimental measurement 

The ignition temperatures measured by Grosse and Con- 

ay [41] and Bolobov [43] for mm-sized iron specimens are per- 

aps the closest to the definition of T ign in the current paper. In 

hese authors’ experiments, a specimen was first heated in vac- 

um or an inert gas to a steady and uniform temperature T 0 ; oxy-

en or air was then fed into the test chamber; the minimum T 0 
riggering an abrupt increase in the temperature of the specimen, 

.e., a thermal runaway, was determined as the critical tempera- 

ure for ignition. The ignition temperatures reported by Grosse and 

onway [41] and Bolobov [43] are 1203 ± 10 K and 1233 ± 20 K ,

espectively. These values are close, but slightly greater, than the 

ange of T ign predicted by the current model for an isolated iron 

article in air, i.e., from 1080 K to 1220 K for δ0 = 10 −4 − 10 −1 

as shown in Fig. 7 ). This small discrepancy can be attributed to 

he following reasons: (1) The iron specimens in these experiments 

ere in direct contact with the supporting device, thus, losing heat 

o the surrounding via solid-phase thermal conduction; (2) a mm- 
15 
ized specimen might be subjected to a natural convection with 

ayleigh number greater than unity (as considered in the analy- 

is of Bolobov and Podlevskikh [46] ); (3) the supplied oxygen flow 

ight be of a non-negligible velocity at a lower temperature than 

he specimen temperature. 

Bolobov [43] also found that the ignition temperature of iron is 

arely dependent on oxygen concentration over a broad range of 

p O 2 from 0.2 to 20 MPa. This finding is consistent with the fact 

hat the growth rate of the FeO and Fe 3 O 4 layers is controlled by 

he lattice diffusion of Fe ions subjected to the equilibrium Fe ac- 

ivities at the interlayer boundaries, and not significantly affected 

y the ambient O 2 concentration. Thus, the consideration of O 2 - 

oncentration-independent kinetic rates in the current analysis is 

upported by this experimental evidence. 

As reviewed by Gorokhov [39] , the experimentally measured ig- 

ition temperatures for clouds of sub-mm-sized iron particles scat- 

er over a range from 588 K to 1053 K. This significant reduction in 

gnition temperature from those measured for isolated iron speci- 

ens [41–43] is likely due to the collective effect as captured by 

he current suspension model and discussed in Sect. 5.5 . However, 

t is of importance to note that, since the values of the kinetic pa- 

ameters (in Table 1 ) are only valid for iron oxidation over a tem- 

erature range from 973 K to 1523 K, the current model prediction 

elow this range might not be quantitatively accurate. 

Another possible source of inaccuracy is rooted in the assump- 

ion of spherical particles made in this study. Pulverized sponge 

ron (PSI) particles, e.g., those used for combustion experiments 

y Tóth et al . [35] , have irregular shapes and porous structures. 

ron particles produced by the reduction of spherical iron-oxide 

articles are porous because the iron oxides take up more vol- 

me than iron due to the fact that the Pilling-Bedworth ratios for 

e → Fe 2 O 3 , Fe 3 O 4 , and FeO are all greater than unity. An irreg- 

larly shaped, porous iron particle has a greater surface area that 

as access to and can react with oxygen. Thus, the ignition temper- 

ture might be significantly reduced. Future efforts are required to 

uantitatively measure the porosity of reduced iron particles and 

stimate how particle porosity enhances the ignition of particles 

nd their suspensions. 

It is noteworthy that, in reality, the oxidation rate of iron is 

overned by different processes when the oxide layer is extremely 

hin, i.e., under approximately 20 nm. The parabolic rate law con- 

idered in this analysis is based upon the assumption that Fe- 

ation diffusion across a sufficiently thick oxide layer with a uni- 

orm electric field is the rate-limiting process. However, for a very 

hin oxide layer, its growth is governed by ionic transfer driven by 

 large electric field and space charges in the oxide layer [53] . In

his thin-layer regime, the oxidation process is better explained by 

he theory of Cabrera and Mott [66] . As a quantitatively reliable 

ate law for thin-layer growth of iron oxidation is not available, the 

hick-layer parabolic rate law is extrapolated in the current analysis 

o a thin-layer regime. The question arises as to how this extrapo- 

ation affects the accuracy in estimating the ignition characteristics 

f iron particles. An example of the growth rate of NiO as a func- 

ion of oxide layer thickness in both thin- and thick-layer regimes 

s provided in Fig. 7 of Atkinson’s review [53] : If one extrapolates 



X. Mi, A. Fujinawa and J.M. Bergthorson Combustion and Flame 240 (2022) 112011 

t

t

t

o

t  

a

i

s

c

o

a

o

i

i

l

b

e

s

i

fi

d

s

p

a

r

6

h

T

l

o

m

t

(

n

d

F

t

a

a

1  

t

t

l

h

n

t

t

i

s

w

t

b

b

a

t

b

i

f

w

t

c

D

c

i

A

e

u

f

F

F

o

S

R

 

[

 

[

[

he parabolic rate law (Wagner’s model) to nano-scale thicknesses, 

he growth rate would be underestimated compared to the predic- 

ion of Cabrera and Mott’s model. An underestimation of the initial 

xide-layer growth rate in the current analysis for iron is unlikely 

o have a significant effect on T ign . As demonstrated in Fig. 8 (b)

nd (d) and discussed in Sect. 5.3 , for a sufficiently thin initial ox- 

de layer, the initial rapid oxide-layer growth has no effect on the 

ubsequent processes determining whether a thermal runaway oc- 

urs. Therefore, the thin layer mechanisms described by the theory 

f Cabrera and Mott, which result in greater oxidation rates over 

 time period much shorter than the thermal-runway time scale 

f an iron particle, are unlikely to have a significant effect on the 

gnition characteristics. 

A recent study by Senyurt and Dreizin [67] demonstrates that, 

f the size of a reactive metal particle is comparable to the molecu- 

ar mean free path of the surrounding gas, the transport processes 

etween the particle and the gas are hindered by the rarefaction 

ffects in the Knudsen transition regime. These authors’ analysis 

hows that, owing to a reduced rate of heat loss to the surrounding 

n the Knudsen transition regime, the ignition temperatures of suf- 

ciently small particles are significantly lower than the model pre- 

iction based upon a continuum assumption. However, this analy- 

is is limited to a steady-state model and not applied to study iron 

articles. A detailed, unsteady analysis of how the ignition char- 

cteristics of fine iron particles differ in the Knudsen transition 

egime will be reported in a future publication. 

. Concluding remarks 

A model describing the heat and mass balance equations for 

eterogeneously burning micrometric iron particles was developed. 

he solid-phase oxidation kinetics described by a parabolic rate 

aw were empirically calibrated using measured experimental data 

n the time-evolution of the growth of iron-oxide layers. The 

odel was applied to quantitatively analyze the dependence of 

he minimum gas temperature required for a thermal runaway 

namely, the ignition temperature) on particle size, initial thick- 

ess of the oxide layer, gas-phase composition, heat loss by ra- 

iation, and the collective heating effect in particle suspensions. 

indings showed that the ignition temperature depends on the ra- 

io between the initial oxide layer thickness and particle size, δ0 , 

nd is independent of particle size. For isolated iron particles in 

ir, the predicted ignition temperature plateaus at approximately 

080K, and becomes independent of δ0 , for δ0 � 0 . 003 . The lower

he thermal conductivity of the gas-phase environment, the lower 

he ignition temperature. The ignition behavior was found to be 

argely independent of radiative heat loss effects. The collective 

eating effect in burning particle suspensions was shown to sig- 

ificantly reduce the ignition temperature. The slight underestima- 

ion of the ignition temperature in the current model compared 

o experimental literature [41,43] , is likely associated with exper- 

mental conditions that facilitated further heat loss from the iron 

pecimens in addition to convective and radiative heat loss. 

The time histories of the reaction rate of the particles 

ere used to parametrically probe the transition behavior be- 

ween kinetic-controlled and external-diffusion-controlled com- 

ustion regimes. The ignition delay time is significantly influenced 

y the initial oxide layer thickness and particle temperature under 

 kinetic-controlled combustion regime; once a particle transitions 

o an external-diffusion-controlled regime, its ignition delay time 

ecomes nearly independent of δ0 and T p , 0 . Furthermore, the scal- 

ng of the ignition delay time of iron particles with particle size 

ollows a d 2 -law. Future experimental and modeling efforts should 

ork to elucidate the rate of heat release in iron particle combus- 

ion in liquid-phase, and to explore how to ensure a non-volatile 

ombustion of molten iron droplets. 
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