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 A B S T R A C T

Carrier-phase direct numerical simulations (CP-DNS) of a three-dimensional turbulent mixing layer are 
performed to investigate how the ignition characteristics of iron particles affect the overall combustion. The 
particle heat-up rate and the oxide layer thickness are shown to be key factors controlling ignition success, 
highlighting the importance of thermal coupling between particles and the surrounding hot gases. Slow particle 
heat-up does not initiate ignition immediately, but causes a build-up of oxide layer thickness, increasing the 
temperature required for ignition and leading to particle ignition failure. Thereby, the ignition temperature of 
particles was found to increase from nearly 1200 K to just above 1600 K, far above the temperature of the hot 
gas. This increase in ignition temperature to values higher than the hot gas temperature hinders the further 
ignition of particles and the formation of iron flames. A particle-driven gas-phase flame is observed only under 
preheated condition that promotes particle ignition and the formation of a diffusion-like flame front. These 
findings provide new insights into the processes that determine flame stabilization in iron particle combustion 
and provide a reference for the further development of iron combustion modeling.
Novelty and significance statement: The formation of a self-sustained iron flame fundamentally relies on the 
successful ignition of individual particles. The ignition behavior of iron particles is governed by solid-state 
oxidation kinetics and can be influenced by the oxide layer thickness (Mi et al., 2022). Although significant 
progress has been made in studying single-particle ignition, limited data exist on how the ignition dynamics 
are affected in a turbulent flow. We present a comprehensive study on iron particle ignition dynamics in 
turbulent flows affected by oxide layer thickness by means of three-dimensional direct numerical simulations of 
a turbulent mixing layer. Additionally, the high-fidelity DNS datasets generated here provide valuable reference 
data for future model development.
1. Introduction

Iron oxide reduction and subsequent combustion present a promis-
ing pathway for energy storage and retrieval. Iron powder can be 
oxidized to release energy and later regenerated using renewable hy-
drogen, enabling a sustainable cycle without any toxic or hard to 
handle fuels, oxidizers or intermediates. Its solid-state nature simplifies 
storage and transportation, making it an interesting alternative for 
industrial applications requiring high-temperature [1].

A detailed analysis of the combustion processes is crucial to design a 
real-world combustor. In particular, ignition dynamics of iron particles 
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are one of the key factors controlling combustion and flame stabiliza-
tion. At the current time, some valuable research has been conducted 
on single particle combustion, but there are few data showing if and 
how this single particle ignition affects the overall flame stabilization. 
We aim to take a step forward to address this issue with the present 
paper. The ignition temperature of micron-sized iron particles has 
been measured experimentally in recent studies [2–5]. Ning et al. [2] 
investigated single particle ignition in a flame generated hot coflow 
setup. Ignition temperatures between 1030 K and 1130 K, independent 
of particle size and oxygen concentration were observed. Cen et al. [3] 
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observed similar ignition temperatures in a comparable setup. The 
ignition temperatures were also measured in an electrically heated 
drop-tube by Chang et al. [4], showing consistent findings.

These single-particle measurements help to understand the particle-
scale physical processes and combustion model development. Hazen-
berg et al. [6] introduced a first-order kinetic model that captured key 
features of iron dust flames. This model was later improved by Thijs 
et al. [7] and Mich et al. [8] by improving heat and mass transfer 
treatments. In parallel, Mi et al. [9] developed a solid-phase oxidation 
model for iron particles using a parabolic rate law, consistent with 
diffusion-controlled solid-state oxidation. Because ignition is governed 
by this mechanism, their model accurately predicted experimentally 
reported ignition temperatures. They further demonstrated that ignition 
temperature and ignition delay time are strongly influenced by the 
oxide layer thickness. Cen et al. [3] later used Mi’s [9] model in 
their numerical study, and found it to be highly consistent with their 
experimental measurement as well.

However, detailed measurements of turbulent iron particle com-
bustion remain challenging, making numerical simulations essential. 
Since LES and RANS still lack validation data, DNS remains essential. 
However, fully-resolved DNS is computationally expensive and limited 
to single or a few particles [7,10,11]. An alternative is carrier-phase 
DNS (CP-DNS) in which a point-particle assumption is used.

CP-DNS has been applied to volatile-containing solid fuels, includ-
ing coal and biomass [12,13]. More recently, Luu et al. [14,15] carried 
out CP-DNS of monodisperse and polydisperse iron particle clouds 
in a turbulent mixing layer and demonstrated that local oxygen de-
pletion strongly limits the overall conversion process. Hemamalini 
et al. [16] investigated the effects of preferential concentration using 
CP-DNS. The particle size was found to affect preferential concentration 
strongly, with small iron particles burning in a laminar-like regime 
while larger particles induce turbulence. However, in these studies, 
the oxide-layer thickness was not considered or temperatures were 
high enough that oxide-layer effects were negligible. Consequently, 
the influence of oxide-layer–controlled ignition on flame stabiliza-
tion remains insufficiently explored, neglecting the important flame 
stabilization that is often hard to achieve in solid-fuel systems.

In this study, we aim to investigate the ignition dynamics of an 
iron particle cloud in a turbulent mixing layer by means of CP-DNS. 
Particularly, we incorporated Mi’s [9] parabolic oxidation rate law in 
the particle sub-model and investigated ignition and the role of oxide 
layer thickness on it. This work seeks to elucidate the mechanisms 
responsible for ignition and flame stabilization in turbulent flows and to 
provide reference for the further progress in iron combustion modeling.

2. Particle phase modeling

2.1. Oxidation models

The heterogeneous oxidation of iron is represented through the 
reaction:

Fe(c) + 0.5O2 (g) → FeO(c)
This process is described by either Mi’s solid–oxide layer diffusion 

(SOLD) [9] model, in which oxidation is controlled by ionic diffu-
sion through the oxide layer, or the first–order surface kinetics model 
(FOSK).

2.1.1. First-order kinetics (FOSK)
The model assumes a first-order surface reaction in quasi-

equilibrium with diffusion, and is implemented following Mich et al.
[8]. The balance between diffusion and reaction is quantified using nor-
malized Damköhler number Da∗ = (1+𝐴𝑝𝑘𝑑∕𝐴𝑟𝑘𝑟)−1. The reaction rate 
is calculated as 𝑘FOSK𝑟 = 𝑘0 exp (−𝑇a∕𝑇𝑝) from particle temperature 𝑇𝑝. 
Reactive area is defined 𝐴𝑟 = 𝐴𝑝𝑌FeO using iron oxide mass fraction 𝑌FeO
and particle area 𝐴𝑝. The rate constant 𝑘0 and activation temperature 
𝑇  are tabulated in Table  1. The mass transfer coefficient 𝑘  is obtained 
a 𝑑

2 
Table 1
Arrhenius rate constants of each oxidation model.
 Model 𝑘0 𝑇a (K)  
 SOLD 2.67 × 10−4 (m2/s) 20.319 × 103 
 FOSK 75 × 105 (m/s) 14.4 × 103  
 FOSK-RC 2.0 × 1010 (m/s) 31 × 103  

from Sherwood number described in later section. Thereby, the rate of 
oxidation 𝑚̇FOSK

𝑝  is calculated using the external rate of oxygen diffusion 
𝑚̇O2 ,diff and oxygen density 𝜌O2

 as follows: 

𝑚̇FOSK
𝑝 = 𝑚̇O2 ,diff Da

∗ = 𝐴𝑑 𝑘𝑑 𝜌O2
Da∗ (1)

The FOSK model under-predicted ignition temperature; hence, the 
Arrhenius constants were recalibrated using ignition temperature mea-
surements [17]. This version is referred to as FOSK-RC.

2.1.2. Solid oxide layer diffusion (SOLD)
The model defines an oxidation rate that is inversely proportional to 

the oxide layer thickness 𝑋FeO. Assuming a thin oxide layer thickness 
𝑋FeO, the oxidation rate reads: 

𝑚̇SOLDp =
𝑀O2

2𝑀FeO

𝜌FeO
𝑋FeO

𝐴𝑝 𝑘
SOLD
𝑟 (2)

𝑀FeO, 𝑀O2
, 𝜌FeO, 𝑇𝑝 denote molecular weights of iron oxide and 

oxygen, iron oxide density, and particle temperature, respectively. 
𝑘SOLD𝑟  is calculated using the constants defined in Table  1. External 
oxygen diffusion to the particle surface sets the upper bound for the 
oxidation rate. The SOLD model describes the solid-state oxidation and 
predicts an infinite rate at the onset of ignition. Therefore, after ignition 
or melting, the model switches to diffusion-limited mode: 𝑚̇SOLDp =
𝑚̇O2 ,diff. For a detailed formulation, see Mi et al. [9]. The normalized 
Damköhler number, can be therefore obtained as: 

𝐷𝑎∗ =
𝑚̇𝑝

𝑚̇𝑂2 ,diff
(3)

2.2. Conservation equations

The dispersed iron particles are modeled in a Lagrangian framework 
under the point-particle assumption. Each particle is assumed to be 
spherical, subject only to drag force, and is thermally uniform. Gravity 
has been neglected to keep the results general and transferable, as in a 
real flame, the effect of gravity would depend on burner direction and 
the location in the flame. Using interpolated gas-phase quantities 𝑢𝑔 and 
𝑇𝑔 , the governing equations for particle velocity 𝑢𝑝 and temperature 𝑇𝑝
are: 
𝑑𝑢𝑝
𝑑𝑡

=
𝑢𝑔 − 𝑢𝑝

𝜏𝑝
; 𝜏𝑝 =

𝜌𝑝 𝑑2𝑝
18𝜇𝑓

1
(1 + 0.15Re2∕3𝑝 )

(4)

𝑚𝑝𝑐𝑝
𝑑𝑇𝑝
𝑑𝑡

= ℎconv𝐴𝑝(𝑇𝑔 − 𝑇𝑝)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

convection

+ 𝑄̇𝑐
⏟⏟⏟
combustion

(5)

+
𝑑𝑚𝑝

𝑑𝑡
ℎ𝑠,O2

⏟⏞⏞⏟⏞⏞⏟
O2 formation

+ 𝜖𝑝𝜎𝑠𝐴𝑝(𝑇 4
rad − 𝑇 4

𝑝 )
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

radiation

The momentum relaxation time 𝜏𝑝 is calculated using particle 
Reynolds number Re𝑝, particle density 𝜌𝑝, and viscosity 𝜇𝑓 . In the 
energy balance equation, 𝐴𝑝 denotes particle surface area, 𝜖𝑝 the par-
ticle’s emissivity and 𝜎𝑠 is the Stefan–Boltzmann constant. A constant 
radiative background temperature of 𝑇 = 300K is considered.
rad
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Fig. 1. CP-DNS setup: Snapshot of the gas temperature field with iron parti-
cles.

The convective heat transfer coefficient ℎconv and the mass diffusion 
coefficient 𝑘𝑑 are evaluated from the Nusselt and Sherwood num-
bers [18] using the thermal conductivity 𝜆𝑓  and the oxygen diffusivity 
𝐷O2,𝑓

 as follows: 

Nu =
ℎconv 𝑑𝑝

𝜆𝑓
= 2 + 0.552Re1∕2𝑝 Pr1∕3 (6)

Sh =
𝑘𝑑 𝑑𝑝
𝐷O2 ,𝑓

= 2 + 0.552Re1∕2𝑝 Sc1∕3 (7)

3. Gas-phase modeling

The Eulerian gas phase is described following Luu et al. [14,15] 
using the conservation of mass, momentum, enthalpy and species mass 
fractions with the inclusion of particles’ inter-phase source terms. Fol-
lowing standard nomenclature, the source terms for mass and species, 
momentum, and enthalpy conservations are calculated as follows: 

𝑆̇𝜌,𝑝 = 𝑆̇O2 ,𝑝 = − 1
𝛥3

𝑁𝑝
∑

𝑖

𝑑𝑚𝑝

𝑑𝑡
(8)

𝑆̇𝑢,𝑝 = − 1
𝛥3

𝑁𝑝
∑

𝑖

𝑑(𝑚𝑝𝑢𝑝)
𝑑𝑡

(9)

𝑆̇ℎ,𝑝 = − 1
𝛥3

𝑁𝑝
∑

𝑖

(

𝑄̇conv,𝑝 + 𝑄̇O2 ,𝑝

)

(10)

3.1. Computational setup

The turbulent reacting mixing layer setup [14] shown in Fig.  1 
consists of an upper stream (us) of cold air at 𝑇us that carries iron 
particles, and a lower stream (ls) of hot air at 𝑇ls. The parallel streams 
have a velocity difference of 𝛥𝑢𝑥 = 30 m∕s and are initialized with an 
initial momentum thickness 𝛿𝜃, 0 corresponding to 𝑅𝑒𝛿𝜃, 0 = 44.018 [19].

The domain, (𝐿𝑥, 𝐿𝑦, 𝐿𝑧) = (320, 240, 80) ⋅ 𝛿𝜃,0, is discretized with 
approximately 85M cubic cells at a resolution of 𝛥 = 0.1 mm. A total 
of 𝑁𝑝 ≈ 10M spherical particles, with an initial diameter of 10 μm
and oxide layer thickness 𝑋ini

FeO are randomly positioned in the upper 
stream to obtain an equivalence ratio of 𝜙us = 1. Isotropic velocity 
perturbations  [20,21] are added to accelerate mixing layer growth. 
Seven cases are simulated for 10ms with varying 𝑇ls and 𝑋ini

FeO as 
summarized in Table  2.

To enable longer simulation times without letting the mixing layer 
interact with the top and bottom boundaries, a domain with double the 
height is used for two additional cases. The number of particles is also 
doubled to 𝑁𝑝 ≈ 20M to maintain the particle number density. Initial 
oxide layer thickness of the particles is 𝑋ini

FeO = 1 nm for both cases. 
The cases differ in their of stream temperatures as described in Table 
3. These two cases are simulated for more than 30 ms.

These cases were simulated with our in-house code PsiPhi [12,22] 
using 6334 cores on SuperMUC-NG.
3 
Table 2
The simulated cases.
 Model 𝑇ls (K) 𝑇us (K) 𝑋FeO (nm) 
 FOSK 1300 300 –  
 FOSK-RC 1300 300 –  
 SOLD 1300 300 1  
 SOLD 1300 300 10  
 SOLD 1300 300 100  
 SOLD 1500 300 10  
 SOLD 1700 300 10  

Table 3
Cases simulated on the enlarged domain.
 Name 𝑇ls (K) 𝑇us (K) 
 Non-Preheat (NP) 1700 300  
 Preheat (P) 1650 550  

Fig. 2. Temperature evolution for a laser ignited iron particle of diameter 
𝑑𝑝 = 54 μm in 300K air, comparing the present implementations of SOLD with 
different oxide layer thicknesses 𝑋FeO and FOSK to Thijs’s [23] experiment.

4. Validation

4.1. Single particle validation

The iron particle oxidation models are validated by comparing 
single particle predictions of temperature evolution, burn time and 
ignition temperature to different experimental measurements.

Fig.  2 illustrates the time evolution of particle temperature for a 
single laser-ignited iron particle of diameter 𝑑𝑝 = 54 μm in air at 𝑇air =
300K. Here, simulations using the two oxidation models are compared 
against Thijs’s experimental data [23]. As shown, particle temperature 
rises from 1500K and then plateaus at 1810K due to Fe melting; 
it subsequently peaks near 2500K before decreasing and exhibiting 
another plateau at 1650K corresponding to FeO solidification. Both 
oxidation models show identical temperature trajectory. The figure 
demonstrates good agreement between the current particle oxidation 
sub-models and experimental results.

Fig.  3 illustrates burn time 𝑡burn of a laser-ignited particle under 
different oxygen concentrations at 300K. Burn time against particle 
diameter with different oxide layer thicknesses are shown in each 
sub-figure, comparing SOLD and FOSK implementations to the exper-
imental measurements of Ning [24]. The predictions of both models 
agree well with the experimental measurements under all conditions.

Fig.  4 illustrates the critical gas temperature that triggers particle 
ignition 𝑇 ign𝑔  for different particle sizes in air (left). Ignition is indicated 
by thermal runaway as a result of increasing gas temperature as shown 
in Fig.  4 (right). To account for experimental and numerical uncertain-
ties, the input parameters of the model such as gas temperature, particle 
diameter, slip velocity and initial oxide layer thickness are sampled 
randomly to better mimic the experimental conditions. The ignition 
predictions of FOSK and SOLD along with experimental results [3–5] 
are shown in Fig.  4 (left). As seen, SOLD prediction of ignition agrees 
very well at different particle diameters (as also confirmed by the 
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Fig. 3. Burn time 𝑡burn of laser-ignited iron particles against diameters 𝑑𝑝
for various oxygen concentrations at 300K, comparing SOLD and FOSK to 
Ning’s [24] experiment.

Fig. 4. Left: Ignition temperature depending on particle diameter as predicted 
by FOSK and SOLD (with oxide layer thickness 70 ± 30 nm) model predictions 
with experimentally reported ignition temperature ranges. Right: Time evolu-
tion of single-particle temperature for a particle burning in air with different 
temperatures. The ignition predictions of SOLD are compared with different 
measurements [3–5].

numerical investigation of Cen et al. [3]), whereas FOSK predictions 
are inconsistent with experiment.

5. Results and discussion

The section is organized as follows: first, the effect of oxide-layer 
thickness 𝑋FeO on single-particle combustion is analyzed; next, particle 
ignition is examined for the cases in Table  2; finally, gas-phase ignition 
is studied for the configurations in Table  3.

5.1. Single particle combustion

First, zero-dimensional single-particle combustion is simulated to 
demonstrate the influence of the reaction models. Ignition is assessed 
using the particle Damköhler number Da∗, with ignition defined at the 
particle temperature where Da∗ = 0.5. Evolution of particle temperature 
and reaction progress 𝐶ox = 1 − 𝑚Fe∕𝑚Fe0  are shown for four conditions 
in Fig.  5. Fig.  5a presents a 10 μm particle ignited at 1600 K in 300 K air, 
comparing SOLD, and FOSK-(RC). When the particle is ignited, all three 
models behave similarly. Fig.  5b shows oxidation of a 300 K particle in 
1300 K air: all three models predict ignition, but the FOSK(-RC) models 
predict a significantly shorter (longer) ignition delay. Reducing oxygen 
to 10% (Fig.  5c) makes FOSK-RC fail to predict the ignition. With the 
SOLD model, oxidation is independent of oxygen concentration and 
does not affect ignition success, in line with the experimental obser-
vations [2,3]. However, the reaction rate calculated by FOSK depends 
linearly on the oxygen concentration. The effect of a stepwise increase 
in gas temperature from 1100 K to 1280 K at 100 ms is illustrated 
in Fig.  5d: FOSK predicts early ignition, whereas SOLD shows slow 
oxidation, resulting in an oxide layer thickness growth, while FOSK-RC 
permits negligible oxidation. After the temperature jump, with SOLD 
4 
Fig. 5. 𝑇  and 𝐶𝑂𝑥 evolution for 10 μm single particle, for FOSK, SOLD, and 
FOSK-RC. (a) Ignited particle in 300 K air, (b) 300 K particle in 1300 K air, 
and (c) in 10% O2. (d) Air temperature rise from 1100 K to 1280 K at 100 ms.

Fig. 6. Evolution of the normalized number of ignited particles for initial 
oxide layer thicknesses from 1 nm to 100 nm with 𝑇ls = 1300 K (left) and 
lower stream temperatures 𝑇us from 1300 K to 1700 K with 𝑋ini

FeO = 10 nm
(right).

the oxidation accelerates without ignition, while FOSK-RC predicts 
ignition. Overall, the differences between the FOSK-(RC) models and 
the oxide-layer-thickness aware SOLD become very apparent. Since the 
effect of the oxide layer on ignition in SOLD depends on its relative 
thickness 𝑋FeO∕𝑑𝑝 as independent parameter [9], similar trends are 
expected for particle sizes and oxide thicknesses beyond the ranges 
considered here, provided this ratio remains comparable.

5.2. Particle ignition in turbulent mixing layer

Particle behavior in the three-dimensional simulations of the turbu-
lent mixing layer is considered next. First, Fig.  6 (left) depicts the effect 
of initial oxide layer thicknesses on the overall ignition of particles. 
An increase in oxide layer thickness from 1 nm to 10 nm and 100 nm 
considerably decreases the number of particles ignited. With first-order 
single-step kinetics (FOSK) the oxide layer thickness would be ignored, 
leading to too fast (FOSK) or too slow (FOSK-RC) ignition. Fig.  6 (right) 
shows the effect of lower stream temperature, increasing from 1300 K 
to 1700 K, resulting in a larger and faster growth in the number of 
ignited particles.

Fig.  7 (bottom) shows the distribution of ignition temperatures 𝑇ign
(which is defined as particle temperature 𝑇𝑝 where Da∗ = 0.5) for initial 
oxide layers of 1 nm, 10 nm, and 100 nm with 𝑇ls = 1300 K. The ignition 
temperature increases with the initial oxide layer thickness, with 𝑇ign
from between 1300–1600 K for 1 nm, to between 1500–1600 K for 
100 nm. First-order kinetics would predict much lower (or higher) 𝑇ign. 
The inset shows the mean ignition temperature 𝑇 ign as a function of 
𝑋ini

FeO. The mean ignition temperature 𝑇 ign remains at nearly 1450 K 
when increasing 𝑋ini

FeO from 1 nm to 10 nm, but rises to about 1550 K 
for 100 nm. The same trend was reported by Mi et al. [9]. Interestingly, 
the standard deviation of the ignition temperature decreases as 𝑋ini

FeO in-
creases. This is because the thicker oxide layer increases the minimum 
ignition temperature.
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Fig. 7. Distribution of ignition temperature for (bottom) initial oxide layer 
thickness from 1 nm to 100 nm with 𝑇ls = 1300 K, and (top) lower stream 
temperatures 𝑇us from 1300 K to 1700 K with 𝑋ini

FeO = 10 nm. The insets show 
mean ignition temperature against the initial oxide layer thickness and the 
lower stream temperature.

Fig.  7 (top) shows the effect of lower stream temperature on the 
ignition temperature for an initial oxide layer thickness of 10 nm. As the 
lower stream temperature increases, the minimum ignition temperature 
decreases from 1400 K down to 1300 K. The inset shows how with 
increasing lower stream temperature, the average ignition temperature 
drops. This results from faster heat-up rates, leaving the oxide layer 
insufficient time to grow and delay ignition and higher-temperature 
conditions.

Scatter plots of the ignition temperature 𝑇ign versus the change 
in oxide layer thickness until ignition 𝑋ign

FeO − 𝑋ini
FeO are shown in Fig. 

8 (left) for different initial oxide layer thicknesses (𝑇ls = 1300 K), 
and (right) for different lower stream temperatures (𝑋ini

FeO = 10 nm). 
FOSK predictions are also added for reference. Fig.  8 (left) shows 
that particles with thicker oxide layers tend to ignite at much higher 
temperatures. Overall, Fig.  8 (right) shows that hotter lower streams, 
leading to faster heat-up rates, promote ignition at lower temperatures. 
If such high heating rates cannot be achieved, particles need to have 
at least a thin oxide layer thickness to ensure ignition. For initial 
thicknesses of 1 and 10 nm, the increase in 𝑇ign with 𝛥𝑋FeO is similar, 
but larger than that of 100 nm. Additionally, as oxide-layer growth 
increases in all cases, the ignition temperatures gradually converge, 
showing similar values near the upper end of the plot. When the oxide 
layer becomes very thick, the oxidation rate slows down at a given 
temperature, causing further oxidation and heat release to stagnate. 
Consistently, Mi et al. [9] showed that a large ratio of initial oxide 
thickness to particle radius makes the predicted ignition temperature 
approach that of a steady-state. Expectedly, the FOSK model prediction 
of ignition temperature does not scale with oxide-layer thickness and 
remains around 1200 throughout the simulation.

5.3. Particle driven combustion in turbulent mixing layer

The development of particle-driven combustion in the three-
dimensional turbulent mixing layer is investigated in this section. Two 
cases are considered: non-preheated, with an upper stream temperature 
of 𝑇us = 300 K, and preheated, with 𝑇us = 550 K. Fig.  10 illustrates 
the temporal evolution of the gas temperature and particle oxidation 
progress 𝐶Ox comparing the non-preheated (top row) and preheated 
(bottom row) cases. As turbulent vortices develop in the mixing layer, 
particles are driven away from the vortex cores and accumulate outside 
the vortices, forming streaks of particles. When these particle streaks 
are entrained into the hot lower stream, the particles heat up, ignite, 
and release heat, which in turn increases the gas-phase temperature. 
5 
Fig. 8. Scatter plot of ignition temperature 𝑇ign versus the change in oxide 
layer thickness until ignition for (left) initial oxide thicknesses of 1 nm to 
100 nm, and (right) lower stream temperatures from 1300K to 1700K.

Fig. 9. Spatially-averaged gas temperature ⟨𝑇g⟩ (left) and oxygen consumption 
rate ⟨𝑆̇O2

⟩ (right) for the non-preheated (top) and preheated (bottom) cases at 
different times.

By 3 ms, the turbulent shear layer starts to develop. In both cases, a 
number of clockwise-rotating vortices form within the mixing zone, 
with particles accumulating in clusters away from vortex cores. The 
vortices in the non-preheated case are slightly smaller in size, which 
can be attributed to the lower viscosity and higher density of the carrier 
gas. In the preheated case, at 14 ms, the shear layer is strongly heated, 
with pockets of hot gas reaching temperatures of nearly 2200 K due to 
combustion of particle streaks. Elevated temperatures are also observed 
in the upper stream, where particle clusters accumulate at the interface 
between the cold and hot streams. In contrast, in the non-preheated 
case, at the same time, the shear layer does not show an increase in 
gas temperature but rather a decrease due to mixing; particle clusters 
remain largely separated from the hot lower stream without noticeable 
ignition.

By 21 ms, the hot zone in the preheated case has widened and 
exhibits a more homogeneous temperature distribution. This trend 
continues at later times: the high temperature zone in the preheated 
case becomes smoother and extends further into the upper stream. 
Burning particles (magenta) are observed at the interface between hot 
and cold gas, resembling a propagating flame front. The non-preheated 
case, in contrast, does not show any substantial temperature rise in the 
gas phase and the particle clusters remain spatially separated from the 
hot gas.

The spatially averaged profiles of gas-phase temperature ⟨𝑇g⟩ and 
oxygen consumption rate ⟨𝑆̇O2

⟩ for the non-preheated (top row) and 
preheated (bottom row) cases are illustrated in Fig.  9. In both cases, 
the temperature profiles initially widen, followed by the emergence of 
a second peak within the mixing layer toward the lower stream, which 
indicates the onset of group combustion. The oxygen consumption 
rate profiles support this observation: at early times, they peak near 
the center of the domain with a narrow spatial spread in both cases, 
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Fig. 10. Snapshots of the gas temperature and particle oxidation in the 𝑥-𝑦 plane at 𝑧 = 𝐿𝑧∕2 for preheated and non-preheated cases. Particles are colored by 
their oxidation progress.
marking the initial region where oxidation occurs. As the simulation 
progresses, both the magnitude and width of the oxygen consumption 
profiles increase, explaining the formation of localized hot temperature 
pockets due to intensified oxidation. In the preheated case, the second 
temperature peak appears much earlier, at approximately 7 ms, and 
reaches significantly higher values of 1850 K. Correspondingly, the 
oxygen consumption increases before decreasing in peak magnitude 
while continuing to widen spatially. This behavior is consistent with the 
smoothing of the temperature fields and the formation of a broader and 
less intense reaction zone. At the same time, the location of the peak 
oxygen consumption shifts upward, indicating the upward propagation 
of the reactive region (flame). This upward spread is also evident in 
the temperature profiles, with high temperatures extending into the 
upper stream after approximately 7 ms due to particle combustion at 
the hot–cold gas interface, resembling a flame-front progression. At 
later simulation times, the preheated case develops a nearly uniform 
temperature of approximately 1800 K in the lower stream while con-
tinuing to expand upward. To assess whether particle ignition occurs 
solely due to mixing with the hot lower stream or the combustion of 
particles triggers ignition of unburnt particles (effectively the existence 
of a self-sustained, propagating flame), the temperature profiles can be 
compared with the expected behavior of an inert mixing process in a 
turbulent shear layer. In such a case, the temperature gradient would 
gradually smooth out with the lower stream being more affected due 
to its lower heat capacity in the absence of particles. This smoothing 
of temperature profiles resembles the behavior observed in the non-
preheated case between 𝑦∕𝐿𝑦 = 0.5 and 𝑦∕𝐿𝑦 = 0.7, where almost 
no oxidation occurs as seen in oxygen consumption figures. However, 
in the preheated case, the temperature gradient in the upper stream 
region does not smooth out but instead shifts upward after approx-
imately 14 ms. This behavior cannot be explained by mixing alone 
and indicates additional heat release from particle combustion, which 
promotes further ignition of surrounding particles. In contrast, the non-
preheated case exhibits a delayed and weaker response. The second 
temperature peak appears much later, around 20 ms, and remains 
approximately 25% lower throughout the simulation. The oxygen con-
sumption peak largely stays near the center of the domain, indicating 
that the reactive region does not propagate upward. Consequently, the 
temperature increase occurs mainly within the lower stream. By the 
end of simulation time, non-preheated case maintains a more localized 
and weaker temperature rise and a decaying oxygen consumption rate 
with a nearly stationary peak magnitude near the center of the domain.

Fig.  11 illustrates the temporal evolution of the number of ignited 
particles, normalized by the total number of particles (left axis) and its 
rate of change (right axis) for the preheated and non-preheated case. 
6 
Fig. 11. Temporal evolution of the number of ignited particles, normalized by 
the total number of particles (left axis), and its rate of change in time (right 
axis) for preheated and non-preheated case.

Fig. 12. Marginal plots of ignition temperature 𝑇ign versus the change in oxide 
layer thickness until ignition for preheated and non-preheated cases.

Ignition in the preheated case begins at approximately 6 ms, whereas 
in the non-preheated case it starts about 2 ms later. The number of 
ignited particles in the preheated case begins growing at 6 ms with 
an increasing rate, followed by an approximately linear growth after 
12 ms. Subsequently, the ignition rate seems to start increasing again 
after about 25 ms. In contrast, the non-preheated case shows a delayed 
and slower growth that begins to stagnate after 20 ms. As a result, by 
30 ms, the preheated case contains roughly three times more ignited 
particles than the non-preheated case.

Marginal plots of ignition temperature 𝑇ign against the change in 
oxide layer thickness until ignition for the preheated and non-preheated 
cases are shown in Fig.  12. Similar to Fig.  8, the growth of the oxide 
layer leads to an increase in the ignition temperature. The ignition 
temperature in the non-preheated case ranges between 1200K and 
1600K, while the ignition temperature range in the preheated case 
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is widened to between 1000K and 1600K. This is due to the higher 
gas-phase temperature that promotes faster particle heat-up rates, leav-
ing insufficient time for the oxide layer to grow, consistent with the 
observation in Fig.  8. Additionally, the higher gas-phase temperature 
resulting from the iron flame also reduces heat loss from the particles, 
further promoting ignition. The lower ignition temperatures observed 
in the preheated case explain its higher propensity for flame formation 
compared to the non-preheated case.

6. Conclusion

Ignition of iron particle clouds in a turbulent mixing layer and 
the effect of oxide layer thickness were explored by three-dimensional 
carrier-phase DNS. The initial zero-dimensional analysis showed that 
oxide growth strongly governs ignition success and its delay. In the 
turbulent mixing layer, it is observed that increasing the initial ox-
ide layer thickness from 1 to 100 nm caused substantial changes: 
ignition was delayed, the number of ignited particles was reduced, 
and ignition temperatures shifted toward higher values. It was also 
observed that ignoring the effect of oxide layer thickness in the simpler 
models can lead to under- or over-prediction of the ignition success 
and delay. Raising the temperatures limits pre-oxidation and allows 
lower ignition temperatures. Higher gas temperature also broaden the 
spread of ignition temperatures, indicating increased coupling between 
turbulence, particle heating rates, and heterogeneous reactions. The 
potential formation and stabilization of a particle-driven gas-phase 
flame is also investigated. Preheating the carrier gas and particles 
accelerates particle heat-up, promoting ignition and leading to the 
formation of a diffusion-like flame front that propagates upward. In 
contrast, the non-preheated case shows no signs of flame formation, 
as slower particle heating results in higher ignition temperatures that 
hinder the development of a flame front. Overall, particle heat-up 
rate and oxide layer thickness are shown to be key factors governing 
ignition, emphasizing the role of thermal coupling between particles 
and gas phase. This study also demonstrates that models neglecting 
oxide-layer kinetics can significantly overestimate ignition propensity.
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