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A B S T R A C T

The ignition and combustion of iron particles in a turbulent mixing layer is studied by means of three-
dimensional carrier-phase direct numerical simulations (CP-DNS). A particular focus is set on particle size
distribution (PSD) effects on the ignition behaviour by comparing CP-DNS results from using a realistic
experimental PSD to DNS data based on a monodisperse (MD) particle cloud with the same equivalence ratio.
The CP-DNS solves the Eulerian transport equations of the reacting gas phase and resolves all turbulent scales,
while the particle boundary layers are modelled in the Lagrangian point-particle framework. A previously
validated sub-model for the oxidation of iron to Wüstite (FeO) that accounts for both diffusion- and kinetically-
limited combustion is employed. The mixing layer is initialised with an upper stream of air carrying cold iron
particles and an opposed lower stream of hot air. Simulation results show distinct differences in the ignition
behaviour between the MD and PSD cases. The ignition of the PSD case is delayed compared to the MD
case and does not show any significant particle clustering prior to ignition. Further investigations indicate
that the particle size has a crucial effect on the mixing process and ignition time. Small particles start their
oxidation process early and already consume some of the available oxygen, while not crucially affecting the
gas temperature due to their limited iron mass contribution. Conversely, a slower entrainment into the lower
stream combined with higher thermal inertia and the prior oxygen depletion by the small particles leads to
a delayed oxidation of the larger particles. As a net result, the PSD case shows a wide spread of individual
particle ignition delay times and overall delayed bulk ignition compared to the MD case, where the majority
of the particles ignites over a shorter period of time.
1. Introduction

In the next few decades, the global energy demand is expected to
rise due to the global industrial growth and increasing world popu-
lation. Fossil fuels still dominate the energy supply, but their non-
renewable nature and negative environmental effects raise the need for
alternative sources. Wind and solar energy are renewable and carbon-
free, but their limited geographical distribution and high volatility
make it difficult to supply regions with high energy demand contin-
uously. A possible solution is the development of new emission-free
energy storage technologies. A promising approach is the metal oxi-
dation/reduction cycle based on iron [1,2]. The potential of iron as
a carbon-free energy carrier is due to its high energy density and
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abundance combined with its excellent transport and storage proper-
ties [3]. When suitably combining iron oxidation and oxide reduction
a sustainable circular zero-carbon energy economy can be achieved [1].
The most significant difference between iron oxidation and classical
solid fuel conversion (e.g. coal) is the non-volatile heterogeneous com-
bustion behaviour of iron [4], such that existing modelling strategies
for carbon-based solid fuels cannot be used without modification. The
current lack of a deeper understanding and reliable models for the rel-
evant physics drive major research efforts to improve our fundamental
knowledge on iron flames.

Goroshin et al. [5] proposed a simple analytical model for the
heating, ignition and diffusive burnout of single metal particles. Soo
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et al. [6] developed a kinetically- and diffusion-limited iron combustion
model with the major oxidation step of Fe to FeO that was later
extended by Hazenberg and van Oijen [7], Thijs et al. [8] and Mich
et al. [9]. In [8], improved heat and mass transfer correlations from
fully-resolved particle simulations were derived and in [9] polydisper-
sity effects on Euler–Lagrange simulations were studied. Mi et al. [10]
proposed an alternative sub-model that describes the growth of FeO
and Fe3O4 layers by a parabolic rate law. In the past few years,
xperimental studies on single iron particles [11–13] and iron particle
louds [14–16] in laminar flows have been conducted. Concurrent
umerical modelling research has examined various physical aspects
uch as discreteness [17–19], flame structure and laminar burning
elocities [7,20,21].

The transition from laminar to turbulent iron dust flames introduces
urther challenges. It is known from previous research on volatile-
riven solid fuel combustion that turbulent mixing, homogeneous
hemistry and solid fuel kinetics are strongly coupled. However, the
orresponding coupling processes for non-volatile iron dust flames
ill likely be different. To investigate these processes in detail, direct
umerical simulations (DNS) are essential. Fully-resolved DNS directly
imulates the full turbulence spectrum and resolves all particle bound-
ry layers, but due to its high computational cost, it is restricted to
ingle particles [8] and small particle groups [19]. For particle clouds,
he carrier-phase DNS (CP-DNS) approach provides a good balance
etween accuracy and efficiency. CP-DNS resolves all turbulent scales
nd the flame front, but uses sub-models for the transfer of momentum,
eat and mass across the particle boundary layers. CP-DNS of volatile-
riven solid fuel combustion from coal or biomass have been conducted
y several researchers [22–25]. A first impression of early-time iron
loud combustion in a double mixing layer examined by CP-DNS has
een given by Hemamalini et al. [26]. In our previous work [27] we
tudied the ignition and combustion of a monodisperse iron particle
loud in a turbulent shear layer by means of CP-DNS using the (FOSK)
ron sub-model proposed by Mich et al. [9]. Here, we extend our
revious work by considering a realistic particle size distribution (PSD)
o re-examine the underlying ignition mechanism. The objectives of this
aper are to

• examine iron particle cloud ignition in shear-driven turbulence
using an experimentally determined PSD,

• characterise the differences between the ignition of simplified
monodisperse particle clouds and clouds with a realistic PSD.

. Modelling approach

.1. Gas phase

The gas phase is governed by the conservation equations for mass,
omentum, enthalpy and chemical species. The Le = 1 assumption

is invoked and the mass/heat diffusivities are obtained from Sc =
Pr = 0.7. Radiative heat transfer is described by the discrete ordinates

ethod (DOM). Isotropic particle scattering is considered, while the
ure air carrier gas does not absorb or emit radiation (𝜀gas ≈ 0.001).
trictly assuming non-volatile iron conversion, the oxides formed by
ombustion remain on the particles and homogeneous chemistry is
gnored. Gas–solid coupling is achieved via interphase source terms
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with the particle mass 𝑚𝑝, particle (gas) temperature 𝑇𝑝 (𝑇𝑔), convective
eat transfer time scale 𝜏𝑐𝑜𝑛, particle specific heat capacity 𝑐p,𝑝, sensible
nthalpy of consumed oxygen during oxidation at particle temperature

| , and the number of particles per cell 𝑁 with edge length 𝛥.
2

𝑠,O2 𝑇𝑝 𝑝
2.2. Solid phase

The Lagrangian particles are initialised as pure iron. During the
oxidation FeO is produced via Fe+0.5O2 → FeO and the thermophysical
properties (𝜌, 𝑐𝑝 and ℎ𝑠) of Fe and FeO are required. The densities are
calculated analogously to [9] and the further thermophysical properties
are retrieved from [28] using the Shomate equations. The particle
specific heats are obtained from 𝑐p,𝑝 = 𝑌Fe𝑐p,Fe+𝑌FeO𝑐p,FeO, with melting
and solidification modelled by the apparent heat capacity method [29].
The iron mass conversion rate is determined from the FOSK model by
Mich et al. [9]
𝑑𝑚𝑝,Fe

𝑑𝑡
= −1

𝑠
𝜌𝑓𝑌O2

𝐴𝑑𝑘𝑑Da∗, (3)
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= 1 + 𝑠

𝑠
𝜌𝑓𝑌O2

𝐴𝑑𝑘𝑑Da∗, (4)

where,

Da∗ =
𝐴𝑟𝑘𝑟

𝐴𝑟𝑘𝑟 + 𝐴𝑑𝑘𝑑
(5)

is the normalised Damköhler number, 𝐴𝑟 = 𝐴𝑑 = 𝜋𝑑2𝑝 the reactive and
iffusive areas of the particle (assumed identical), 𝑘𝑟 = 𝑘∞e−𝐸𝑎∕𝑅𝑢𝑇𝑝

the rate of kinetic surface reactions and 𝑘𝑑 = Sh
𝐷O2 ,𝑓

𝑑𝑝
the diffusive

ransfer rate. Sh = 2 + 0.552Re1∕2𝑝 Sc1∕3 is the Sherwood number,
Re𝑝 = 𝜌𝑓 |𝐮𝑔 − 𝐮𝑝|

𝑑𝑝
𝜇𝑓

the particle Reynolds number and 𝑠 the mass
stoichiometric ratio of the oxidation to iron oxide. Subscript < 𝑓 >
efers to properties at film temperature. Further model coefficients are
ased on [9], with corresponding model details reported therein.

Only drag force is assumed to act on the particles. Given that the
iot number Bi ≈ 0.001 − 0.01 [10], uniform particle temperatures are
ssumed and governed by convective heat exchange, radiation, heat of
ombustion and oxygen consumption from the gas phase. Hence, the
olid phase governing equations are
𝑑𝑚𝑝

𝑑𝑡
=

𝑑𝑚𝑝,Fe

𝑑𝑡
+

𝑑𝑚𝑝,FeO

𝑑𝑡
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with the gas velocity at particle position 𝐮𝑔 , the particle velocity 𝐮𝑝 and

the particle relaxation time 𝜏𝑝 =
𝜌𝑝𝑑2𝑝
18𝜇𝑓

(1+0.15Re2∕3𝑝 )−1. 𝐴𝑝 =
1
4𝜋𝑑

2
𝑝 is the

projected area of the particle, 𝜀𝑝 = 0.9 [30] the particle emissivity, 𝜎
the Stefan–Boltzmann constant, 𝛩𝑟 the gas phase radiation temperature
from DOM, 𝑄̇FeO = 𝑑𝑚𝑝,FeO

𝑑𝑡 𝛥ℎ𝑐,FeO the heat released by Fe oxidation,
𝛥ℎ𝑐,FeO the formation enthalpy of FeO, and 𝑄̇O2

the energy transfer
due to oxygen consumption at 𝑇𝑝. Convective heat transfer follows
Ranz-Marshall [31]

𝜏𝑐𝑜𝑛 =
1
6
Pr
Nu

𝑐p,𝑝
𝑐p,𝑓

𝜌𝑝𝑑2𝑝
𝜇𝑓

(8)

with Nu = 2+0.552Re1∕2𝑝 Pr1∕3. Sherwood and Nusselt numbers corrected
for Stefan flow [32] are considered

Sh∗ = Sh
ln(1 + 𝐵𝑀 )

𝐵𝑀
, Nu∗ = Nu

ln(1 + 𝐵𝑇 )
𝐵𝑇

(9)

such that Sh∗ and Nu∗ replace Sh and Nu in the previous equations. 𝐵𝑀
s calculated as

𝑀 =
𝑌O2 ,𝑔 − 𝑌O2 ,𝑝

𝑌O2 ,𝑝 − 1
, (10)

𝑌O ,𝑝 = 𝑌O ,𝑔
𝐴𝑑𝑘𝑑 (11)
2 2 𝐴𝑟𝑘𝑟 + 𝐴𝑑𝑘𝑑
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and 𝐵𝑇 via

𝐵𝑇 = (1 + 𝐵𝑀 )𝜑, 𝜑 =
𝑐p,O2

|𝑇𝑝

𝑐p,𝑔
Pr
Sc

(12)

where 𝑐p,O2
|𝑇𝑝 is the specific heat of oxygen at particle temperature

and 𝑐p,𝑔 the gas specific heat. The iron sub-model considers melting
and solidification of Fe and FeO. Therefore, the peak temperature can
be higher than the melting point of Fe and FeO, but is typically far
below boiling point. Under these conditions the vapour pressure of iron
is low and the non-volatile assumption for iron particle combustion
remains valid. This also implies negligible nanoparticle formation and
deposition effects which do not affect the PSD. As a result of consid-
ering melting and solidification, the different densities of Fe (solid or
liquid) and FeO (solid or liquid) are all considered in the model, in
proportion to the instantaneous mass fractions of Fe and FeO within the
particle [9]. Accordingly, the instantaneous properties of each particle
reflect the relative contributions of Fe and FeO and their effect on the
PSD. The present sub-model for iron particle oxidation has been vali-
dated against laser-heated particle combustion experiments published
in [11,29] and predictions from [9] in our previous work [27].

3. Computational configuration

A turbulent reacting mixing layer similar to Rieth et al. [23], but
based on the evolution of the momentum thickness 𝛿𝜃 to determine the
self-similar regime of the shear-induced turbulence [33] is studied. The
upper stream (US) of mixing layer is initialised as air at 𝑇 = 550K
carrying iron particles, while the lower stream (LS) is hot air at 𝑇 =
1650K. The velocity of the two streams is equal but they flow in the
opposite 𝑥-direction with 𝛥𝑢𝑥 = 30m∕s, see Fig. 1. A hyperbolic tangent
profile is used to initialise 𝑢𝑥

𝑢𝑥 =
𝛥𝑢𝑥
2

tanh
( 𝑦 − 𝐿𝑦∕2

2𝛿𝜃,0

)

, (13)

with the initial momentum thickness 𝛿𝜃,0 corresponding to Reynolds
number

Re𝜃,0 =
𝛥𝑢𝑥𝛿𝜃,0

(𝜈US + 𝜈LS)∕2
= 44.018 (14)

with 𝜈US (𝜈LS) the initial viscosities of the upper (lower) stream. The
computational domain has dimensions 𝐿𝑥 = 320 × 𝛿𝜃,0, 𝐿𝑦 = 240 × 𝛿𝜃,0
and 𝐿𝑧 = 80 × 𝛿𝜃,0 and consists of a total of 85M cubic cells with a
constant size of 𝛥 = 100 μm. Spherical iron particles are initialised with
the velocity and temperature of their carrying (upper) stream and their
number is chosen to initially have 𝜙 = 1 in this stream. To evaluate
the effect of the PSD on particle ignition, DNS data from the previously
studied monodispersed case with a uniform initial 𝑑𝑝 = 10 μm [27] is
compared to the present case with 2,175,000 particles initialised with
the experimental PSD of Fedoryk et al. [16] (5 μm < 𝑑𝑝 <35 μm). The
size of every Lagrangian particle is tracked individually and dynami-
cally adapts to the considered physics, e.g. increasing particle size due
to oxide deposition. To speed up the computations, isotropic velocity
perturbations 𝑢′𝑢′ = 𝑣′𝑣′ = 𝑤′𝑤′ = 0.01

(

𝛥𝑢𝑥
)2 with a size of 0.01 ⋅ 𝐿𝑥

generated according to Klein and Kempf et al. [34,35] are initially
superimposed on the bulk velocity in the main shear region. The
pressure and momentum boundary conditions are periodic in 𝑥- and
𝑧-direction, while a zero-gradient momentum boundary and ambient
pressure is assumed in 𝑦-direction.

Following [23], the Kolmogorov length scale is estimated by com-
puting spatial averages ⟨.⟩ across the homogeneous 𝑥/𝑧-directions.
Then, local velocity fluctuations can be calculated as 𝐮′ = 𝐮 − ⟨𝐮⟩
and the average dissipation becomes ⟨𝜖⟩ = ⟨𝜏𝑖𝑗

𝜕𝑢′𝑖
𝜕𝑥𝑗

⟩, with the viscous
stress tensor 𝜏𝑖𝑗 . Finally, the Kolmogorov length scale is estimated as

⟨𝜂⟩ =
(

⟨𝜈⟩3

⟨𝜖⟩

)1∕4
. Following [33], Fig. 2 shows the time evolution of the

momentum thickness 𝛿𝜃 in the present mixing layer, which grows in
time with changing slopes that delineate three distinct regions [27].
3

Fig. 1. Initial and boundary conditions of the mixing layer.

Fig. 2. Time evolution of momentum thickness 𝛿𝜃 . Vertical red lines delineate the
period of self-similarity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

While region I (initialisation period) and III (boundary effects) are of
little interest here, the quasi-linear growth of 𝛿𝜃 in region II implies
a time period of self-similar turbulence for 4 < 𝑡 < 9ms. A minimum
Kolmogorov length scale of 123 μm is estimated for region II. For a valid
CP-DNS, the ideal grid size 𝛥𝑖𝑑𝑒𝑎𝑙 should follow 𝑑𝑝 ≪ 𝛥𝑖𝑑𝑒𝑎𝑙 < 2.1𝜂 [36]
during the evaluation period, such that all turbulent scales are resolved,
while the particles can still be considered as Lagrangian point-particles.
With 𝑑𝑝,mean = 12.7 μm, 𝑑𝑝,max = 35 μm, 𝛥 = 100 μm and 𝜂𝑚𝑖𝑛 = 123 μm
the present configuration achieves a reasonable trade-off between all
relevant scales.

The simulations are conducted with a low-Mach second order fi-
nite volume multiphase solver based on OpenFOAM that has previ-
ously been employed for detailed CP-DNS analyses of volatile-driven
solid fuel combustion [24,37,38]. A typical CP-DNS simulation costs ≈
360,000 CPUh on 8192 × AMD-7742 cores.

4. Results and discussion

Fig. 3 gives a visual impression of the temporal evolution of the
mixing layer. It shows the gas temperature and particle ensemble in
the 𝑥-𝑦 plane at 𝐿𝑧∕2, comparing the monodisperse (MD) particle cloud
with 𝑑𝑝 = 10 μm from [27] to the present CP-DNS data based on the
experimental PSD from [16] with 𝑑𝑝,mean = 12.7 μm (bottom row). The
particles are coloured by their oxidation progress defined as the extent
of Fe consumption 𝐶ox = 𝑚Fe,0−𝑚Fe

𝑚Fe,0
with 𝑚Fe,0 and 𝑚Fe denoting the

initial and instantaneous iron mass inside the particle.
After 𝑡 = 4ms the initially separated streams (Fig. 1) have developed

into a turbulent mixing layer, which leads to the entrainment of cold
particles from the upper stream into the hot lower stream, where they
heat up and begin their oxidation to FeO, see Fig. 3 (left). A noteable
difference between the MD and PSD cases can be observed, where
the MD case already shows regions with significantly elevated gas
temperatures indicating heat transfer from ignited particles to the gas
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Fig. 3. Time evolution of gas temperature and particles coloured by their oxidation progress 𝐶ox in the 𝑥-𝑦 plane at 𝐿𝑧∕2. Top: Monodisperse (MD) particle cloud with
𝑑𝑝 = 10 μm [27]. Bottom: Particle size distribution (PSD) from experiments [16]. For the PSD case particles are sized proportionally to their instantaneous diameter (but not
to scale). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
at 𝑡 = 4ms, whereas no such increase of 𝑇𝑔 can be seen for the PSD case.
Both cases already feature partially- (grey) and fully-oxidised (white)
particles at this stage, however, the number of fully-oxidised particles
is higher for the MD case.

At 𝑡 = 7ms the MD case shows a large number of particles with
significant oxidation progress in the lower stream, which has led to
the formation of a continuous flame region (red). This flame region
is associated with particle streaks that imply considerable particle
clustering. However, there are also clusters with black-coloured par-
ticles indicating that at this stage some particles are hampered from
their further oxidation by a localised lack of – previously consumed
– oxygen (not shown for brevity). In contrast, the PSD case at 𝑡 =
7ms shows only a small number of fully-oxidised (white) particles and
considerably less regions of elevated gas temperatures compared to MD.
In these regions, predominantly small particles have 𝐶ox = 1 (white),
while larger particles show less oxidation progress (black...grey). The
PSD case also features localised areas of elevated particle number
densities, but no strong clustering effects as for the MD case can be
observed. At 𝑡 = 9ms, the continuous flame region of the MD case
has grown further and is constantly fed by fresh particles from the
upper stream, while the majority of particles in the lower stream is now
fully oxidised. The PSD case shows that the local regions of elevated
gas temperature have grown and more particles feature 𝐶ox = 1, but at
this stage there is no continuous flame region comparable to the MD
case. Summarising Fig. 3, there are strong differences in the ignition
behaviour between the MD and the PSD case, with the MD case showing
considerable particle clustering and earlier ignition, while particles are
more uniformly distributed and ignition occurs later for the PSD case.
These findings are corroborated by Fig. 4, which shows the spatially-
averaged gas temperature (top) and O2 mass fraction (bottom) vs.
the normalised 𝑦-coordinate as a function of time. Comparing the MD
(dashed lines) and PSD (continuous lines) cases, it is observed that at
𝑡 = 4ms (blue) the spatial average of gas temperature shows a localised
peak at 𝑦∕𝐿𝑦 = 0.5 for MD, while the corresponding PSD curve has
no such peak, implying mostly non-reactive mixing between the two
streams. At 𝑡 = 7ms (green) a local peak also appears for the PSD case,
however, the corresponding MD peak is already much higher and even
exceeds the lower stream temperature (1650K). The spatially-averaged
profiles of 𝑌𝑂2

in Fig. 4 (bottom) characterise the mean O2 consumption
and confirm the previous impression of earlier ignition and combustion
for the MD case, as the MD profiles always indicate more O2 depletion
than for the PSD case at corresponding times.

Fig. 5 shows number- and mass-based averages of particle oxidation
progress vs. time, where only particles that have at least 5% oxidation
progress are considered, to exclude the majority of fully unreacted par-
ticles far in the upper stream at early times, see e.g. Fig. 3 at 𝑡 = 4ms. It
4

Fig. 4. Spatially-averaged gas temperature (top) and O2 mass fraction (bottom) as
a function of 𝑦∕𝐿𝑦 and time. MD (dashed lines) and PSD (continuous lines). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Definition of the particle size classes.

Name Definition in μm

Class1 5 < 𝑑𝑝 ≤ 10
Class2 10 < 𝑑𝑝 ≤ 15
Class3 15 < 𝑑𝑝 ≤ 35

can be seen that the number-based average oxidation progress (black)
of the PSD case is always higher than for MD, implying that at any
given time a larger fraction of particles has ignited when considering
the PSD. This initially also holds for the mass-averages (blue), but this
trend is inverted at 𝑡 = 5ms, when the mass-averaged 𝐶ox of the MD
case exceeds the one of the PSD case. However, irrespective of the
averaging method, at early times the PSD case shows a larger average
particle oxidation state than the MD case, which seems in apparent
contrast to the earlier ignition for MD found in Figs. 3 and 4. To further
investigate the ignition behaviour of typical particle sizes, the particle
ensemble of the PSD case is subdivided into a set of particle size classes
for data analysis. Different variants of particle size classes have been
applied in post-processing, but only a limited influence of these variants
has been found. As a result, the particles are grouped in accordance
with their most characteristic trends, where every particle is allowed to
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Fig. 5. Number- and mass-based average of oxidation progress 𝐶ox vs. time (particles
with 𝐶ox > 0.05 only). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Mass-averaged oxidation progress for different size classes of the PSD case
(particles with 𝐶ox > 0.05 only). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

adhere to the physics related to its individual temporal evolution and
all particles follow the same assumptions. The final sub-division splits
the entire particle ensemble into three particle size classes, according
to Table 1 and the (mass-)averaged oxidation progress of each class is
shown in Fig. 6. It can be seen that the high average particle conversion
progress of the PSD case at early times in Fig. 5 is attributed to the
small particle sizes only. In particular, the smallest size Class1 is subject
to the combined effect of strong entrainment into the lower stream
(lowest Stokes number) and comparatively fast heat-up (largest surface-
area-to-volume ratio for small particles) leading to a faster oxidation
process, whereas larger particles have a slow entrainment and heat-up,
and therefore lower average 𝐶ox throughout the simulation. However,
despite the earlier conversion of the smallest particles for the PSD case,
the mass of iron fuel 𝑚Fe and associated heat release is rather limited
for Class1, such that their impact on the gas temperature remains
low. Moreover, the larger surface-to-volume ratio and ability to follow
turbulent fluctuations promptly also leads to a faster dissipation of the
heat released by the oxidation of the small particles. In contrast, the
larger particles require significantly more time to heat up and ignite,
such that their slow conversion and delayed heat release postpones
bulk ignition. As a net consequence, the uniform particle size of the
MD case leads to a more simultaneous heat-up, ignition and solid-
to-gas heat transfer, and therefore earlier bulk ignition compared to
the investigated PSD case. The latter case shows earlier ignition of
individual small particles with little specific heat release, but a much
delayed conversion of the larger particles and therefore a globally
delayed bulk ignition, as found in Figs. 3 and 4.

Fig. 7 shows scatterplots of particle oxidation progress 𝐶ox vs.
the normalised 𝑦∕𝐿𝑦 coordinate for particles in the PSD with 𝐶ox >
0.05 at different times. Particles are coloured by their surrounding
gas oxygen mass fraction 𝑌O2

. It is observed that the smallest Class1
particles undergo oxidation without any major limitations due the
initial abundance of available oxygen (mostly red...yellow scatter),
whereas the largest Class3 particles see increasingly lacking oxygen at
late simulation times. This is particularly true for the central region
of the mixing layer where the smallest particles lead to early oxygen
depletion, while all particle sizes can still find enough oxygen when
5

Fig. 7. PSD case, scatterplot of 𝐶ox vs. 𝑦∕𝐿𝑦 coloured by the gas oxygen mass fraction
𝑌O2

surrounding the particles at different times (particles with 𝐶ox > 0.05 only). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. PSD case, scatterplot of the equivalence ratio surrounding the particles 𝛷 vs.
normalised Voronoi volume v/vmean at different times (particles with 𝐶ox > 0.05 only).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

entrained into the upper and particularly the far lower stream (yellow
particles for 𝑦∕𝐿𝑦 → 0).

Fig. 8 shows scatterplots of the (oxygen-based) equivalence ratio
𝛷 [9] vs. normalised Voronoi volume coloured by particle oxidation
progress 𝐶ox for the PSD case. The Voronoi volume is a commonly used
indicator for particle clustering, with small Voronoi volumes indicating
small particle distances, i.e. strong particle clustering. Voronoi volumes
of all particles are computed [39] and normalised by the mean Voronoi
volume in the entire domain. At all times shown in Fig. 8, all particle
size classes exhibit a fraction of particles with 𝛷 → 0 and 𝐶ox → 1,
i.e. fully oxidised particles in a very lean oxygen environment. This
would not occur in gas combustion, where very lean mixtures cannot
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ignite, while heterogeneous iron combustion allows for locally stoi-
chiometric conditions (prior to the shown state of these particles) that
lead to full particle conversion. Comparing the oxidation state (particle
colour) and equivalence ratio (ordinate) for various size classes and
times in Fig. 8, it is observed that the largest Class3 particles show in-
creasingly higher 𝐶ox with 𝛷 → 0, whereas the smallest Class1 particles
do not show a similarly clear trend, with a considerable number of fully
oxidised small particles at high equivalence ratios. This is because small
particles may have already consumed enough oxygen for full particle
conversion, before being entrained into regions with many unreacted
(larger) particles such that the local equivalence ratio is very high. In
contrast, larger particles contain more mass and therefore contribute
more strongly to locally large equivalence ratios, in particular when
they form clusters. Since particle conversion of the large particles is
generally delayed, Fig. 6, large particles are mostly exposed to rich
conditions in regions where small particles have previously consumed
O2, which slows down their oxidation progress even further. As a result,
the conversion of large Class3 particles strongly correlates with de-
creasing equivalence ratio, indicating a reduced availability of oxygen.
Considering the normalised Voronoi volume as an indicator for particle
clustering, it can be seen that small Class1 particles tend to have smaller
than average Voronoi volumes, whereas the largest Class3 particles
show a wide distribution of Voronoi volumes around the mean. Overall,
only a weak dependence of the particle oxidation progress on particle
clustering can be observed in Fig. 8, in line with the qualitatively
weaker clustering behaviour of the PSD case already seen in Fig. 3.

5. Conclusion

The ignition and combustion of iron particles in a turbulent mixing
layer is studied by means of CP-DNS and the results from a monodis-
persed particle cloud are compared to equivalent data that assumes an
experimental PSD [16]. The MD and PSD cases show different bulk
ignition characteristics, which is attributed to the different behaviour
of individual particle sizes for the PSD case. While small particles
are quickly entrained into the lower stream, where they ignite early
and partially consume the available oxygen, large particles ignite sig-
nificantly later due delayed entrainment, higher thermal inertia, and
previous oxygen depletion by the small particles. As a net effect, bulk
ignition in the MD case occurs more uniformly and globally earlier,
whereas the wide distribution of individual particle ignition times leads
to later global ignition for the PSD. The PSD case shows less clustering
effects compared to the MD case and only a weak effect of clustering
on ignition.

The present work extends our previous CP-DNS study on monodis-
perse iron particle combustion in shear-driven turbulence [27] to poly-
disperse conditions based on a realistic experimental PSD. Based on
this, a myriad of further physical effects that may affect iron particle
cloud ignition and combustion can be explored. Such possibly inter-
esting effects include ballistic particle motion vs. turbophoresis, Stokes
number effects on particle spatial distributions and clustering, radiation
sub-models, cooling due to thermal inertia, turbulence modulation due
to reacting particles, just to name a few. These remaining questions are
beyond the scope of the present study, but leave an extremely rich field
of exploration for the metal combustion research community in future
work.

Novelty and significance statement

• Combustion of metals offers a great opportunity for CO2-free
energy conversion.

• Detailed fundamental analysis of particle size distribution (PSD)
effects on the ignition of iron particle clouds in shear-driven
turbulence.

• This research reveals clear differences between the ignition be-
haviour of monodispersed and polydispersed iron particle clouds
in turbulence.

• The obtained fundamental knowledge can guide future burner
6

designs for iron particle combustion.
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