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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Deterministic cross-validation of CP- 
DNS of reactive turbulent shear layer is 
carried out for the first time. 

• Effects of high turbulence is investigated 
using the most resolved CP-DNS simu
lation of iron particle combustion to 
date. 

• Weak coupling observed between gas- 
phase turbulence and individual parti
cle combustion. 

• Turbulence primarily affects combus
tion through gas-phase oxygen transport 
rather than direct particle-gas 
interactions. 
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A B S T R A C T

Carrier-phase direct numerical simulations (CP-DNS) of a three-dimensional turbulent shear- and mixing-layer 
are presented. DNS enables detailed investigation of complex multiphase turbulent reacting systems that are 
difficult to study experimentally; however, the reliability and reproducibility of such simulations remain un
certain and are potentially sensitive to the underlying numerical treatment. Given this, the simulations are cross- 
validated against DNS data by Luu et al. (Flow Turbul. Combust. 2024), first in a statistical sense and then, for the 
first time, by direct comparison of the instantaneous realizations of the two DNS. A further DNS is then presented 
for a higher Reynolds number at twice the grid resolution. This represents the most resolved carrier-phase DNS of 
such systems to date and enables higher turbulence conditions that better represent realistic burner operating 
conditions. The new simulations confirm the previously observed overall system behavior and further demon
strate the influence of Reynolds number on the combustion process. Higher turbulence intensity leads to a 
broader ignition zone, enhanced oxygen entrainment, and increased ignition and conversion rates, while the 
particle-scale oxidation behavior remains largely unchanged, indicating weak coupling between gas-phase tur
bulence and individual particle combustion.
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1. Introduction

The metal-fuel cycle represents a circular energy system in which 
renewable electricity is used to reduce metal oxides into high-energy- 
density metal powders that can be transported and traded globally as 
a carbon-free energy carrier. During combustion for heat and power 
generation, the metal is reoxidized, producing solid metal oxides that 
can be collected and reprocessed, enabling a closed-loop system with 
near-zero net emissions. Among potential candidates, iron stands out 
due to its natural abundance, low cost, and high volumetric energy 
density. Furthermore, its simpler handling and transport make it a viable 
alternative to conventional hydrocarbon fuels, hydrogen, or ammonia 
for high-temperature industrial energy applications (Bergthorson et al., 
2015).

Iron powder combustion involves multi-scale and multi-physics 
processes, including phase change, heterogeneous reactions, heat 
transfer, turbulence, and even nanoparticle formation. Research on 
single-particle combustion has provided valuable insights into ignition, 
combustion process and dynamics, and subsequent burn-out. Ning et al. 
(2021, 2022a, 2022b, 2023) experimentally investigated single iron 
particle combustion under various conditions. Both solid- and 
liquid-phase oxidation times were found to be inversely proportional to 
the oxygen mass fraction, suggesting that external oxygen diffusion is 
the rate-limiting process (Ning et al., 2023). At the same time, the 
characteristic burn times tburn of particles of diameter dp follow a power 
law, tburn∝dn

p , where the exponent n ranges between 1.46 and 1.72. This 
indicates that the overall combustion process is in an intermediate 
regime, not purely dictated by classical d1

p (kinetic) or d2
p (diffusion) 

laws. Ning et al. (2022a) also reported that the combustion process can 
produce a cloud of nanoparticles around the main particle if a critical 
particle temperature of about 2100 K is exceeded. The ignition tem
peratures of micron-sized iron particles have been measured in various 
experimental configurations by Cen (2024, 2025), Ning (2024), Panahi 
(2022) and their respective co-workers. Reported ignition temperatures 
range from 1030 K to 1130 K, with no observed dependence on particle 
size or oxygen level. These single-particle measurements have contrib
uted to an understanding of the physical phenomena and the develop
ment of sub-models for cloud combustion. Hazenberg and Van Oijen 
(2021) were the first to introduce a numerical model for iron dust 
flames, derived from the more general model proposed by Soo et al. 
(2015). This model was subsequently improved by Thijs et al. (2022)
and Mich et al. (2023), with a more accurate description of heat and 
mass transfer. The sub-model has been employed to numerically inves
tigate single-particle combustion, enabling the analysis of phenomena 
that are challenging to measure experimentally, including nanoparticle 
formation (Nguyen et al., 2025; Thijs et al., 2023).

Laminar flame experiments, including iron particle clouds, were 
conducted in Bunsen-type burners. Julien et al. (2015) examined flame 
stabilization and investigated discrete and continuous propagation re
gimes as well as representative burning velocities for methane-iron-air 
suspensions, and Fedoryk et al. (2023) managed to stabilize a 
self-sustained iron flame. Numerical studies analyzing the laminar flame 
structure, stability, discreteness effects, and burning velocities were 
carried out by Hazenberg et al. (2026). Some groups have started to 
explore flame stabilization and the transition toward turbulent com
bustion in large lab scale burners (Steffens et al., 2025). At industrial 
scales, conceptual studies have highlighted the potential but also out
lined the challenges of retrofitting coal power plants for iron combustion 
under high load conditions (Neumann et al., 2024).

Despite substantial progress on small and large scales experiments, 
the intermediate turbulent flame scale, and the coupling of turbulence 
and the combustion dynamics of iron particles, remains underexplored. 
A key aspect is the influence of turbulence on iron particle reactivity due 
to clustering and preferential concentration. Specifically, particles 
segregate into dense clusters and voids, potentially suppressing local 

oxidation rates via oxygen depletion (Krüger et al., 2017). Nevertheless, 
the collective heating effect caused by clustering could promote earlier 
ignition (Th€ater et al., 2024). The complex environment of turbulent 
iron flames limits detailed measurements and analysis at realistic tur
bulent conditions, making Direct Numerical Simulations (DNS) one of 
the most suitable techniques for obtaining further detailed insight. 
Particle-resolving DNS remains computationally prohibitive and limited 
to single particle or small particle assemblies, as demonstrated by Thijs 
(2024), Vance (2023, 2025), Nguyen (2025) and their co-authors. 
Therefore, carrier-phase DNS (CP-DNS), which resolves the turbulent 
gas phase and employs a point-particle treatment with sub-models for 
heat and mass transfer and oxidation, provides an effective alternative 
for investigating multiphase dynamics in experimentally inaccessible 
regimes. CP-DNS has been conducted by many researchers for liquid 
fuels and volatile-containing solid fuels such as coal and biomass, for 
example by (Brosh et al., 2015; Chen et al., 2023; Hara et al., 2015; Rieth 
et al., 2018; Shamooni et al., 2021; Wang et al., 2021). More recently, 
Luu et al. (2024a, 2024b) have performed CP-DNS for iron particles, 
investigating the ignition and combustion in a turbulent mixing layer for 
mono- and polydisperse particle size distributions. They found a strong 
limiting effect of local oxygen concentration on the overall conversion 
process. Hemamalini et al. (2024) 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.

In this paper, we perform a cross-validation of newly generated CP- 
DNS data against the reference dataset of Luu et al. (2024a), combining 
statistical comparisons with, to the best of our knowledge, the first 
deterministic one-to-one comparison of instantaneous fields obtained 
from two independently developed DNS codes for reacting gas–particle 
flows. This provides a unique assessment of reproducibility and nu
merical sensitivity in such simulations. Furthermore, we present the first 
DNS study of iron particle combustion at substantially higher Reynolds 
number, constituting the most highly resolved carrier-phase DNS of this 
class of systems to date. The grid resolution is refined by a factor of two, 
from Δ = 100 μm to 50 μm, resulting in 680 million cells compared to 85 
million in the baseline case. This enables an increase in Reynolds 
number by 24=3, achieved by increasing the streamwise velocity differ
ence from Δux = 30.0 m/s to 75.6 m/s. The simulations thereby allow, 
for the first time, the investigation of the interaction between elevated 
turbulence levels and mixing, ignition, and combustion behavior of iron 
particles, as well as characterization of the differences between low- and 
high-turbulence regimes. In addition, this highly resolved DNS dataset is 
made available to the community for further analysis and model 
development.

2. Modeling

The modeling framework adopted in this study is based on estab
lished approaches for solid fuel combustion (Luu et al., 2024a, 2024b; 
Rieth et al., 2018), with relevant concepts adapted where appropriate.

2.1. Gas phase

The gas phase is described in a Eulerian framework by the conser
vation equations for mass, momentum, total enthalpy, and species mass 
fractions, including additional source terms for inter-phase coupling: 

∂ρ
∂t

+
∂(ρui)

∂xi
= _Sρ;p (1) 

∂(ρui)

∂t
+

∂
(
ρuiuj

)

∂xj
= −

∂p
∂xi

+
∂

∂xj

(

μ
(

∂ui

∂xj
+

∂uj

∂xi

)

−
2
3

μ
∂uk

∂xk
δij

)
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∂(ρh)
∂t

+
∂
(
ρujh

)

∂xj
=

∂
∂xj

(
μ
Pr

∂h
∂xj

)

+ _Sh;p (4) 

These equations feature the velocity vector ui, density ρ, pressure p, 
total enthalpy h, and species mass fraction Yα, where α here is oxygen. 
The viscosity μ of the gas phase is calculated from kinetic gas theory, and 
the Schmidt and Prandtl numbers are constant (Pr = Sc = 0:7). The 
source terms _S*;p represent particle-gas interactions and are defined in 
the following section.

2.2. Particle phase

The iron particles are modeled in a Lagrangian framework as 
spherical particles driven solely by drag force Fdrag. The particle tem
perature Tp is considered uniform and affected by convective heat ex
change, radiation, and heat of combustion. With interpolated gas-phase 
quantities ug and Tg at particle position, and particle mass mp and heat 
capacity cp the particle momentum and energy balances read: 

dup

dt
=

Fdrag

mp
=

ug − up

τp
(5) 

mpcp
dTp

dt
= hconAp

(
Tg − Tp

)
+ ϵpσAp

(
T4

rad − T4
p

)
+ _Qc +

dmp

dt
hs;O2 (6) 

The particle momentum relaxation time τp is calculated using par
ticle density ρp, Reynolds number Rep and film viscosity μf following: 

τp =
ρpd2

p

18μf

1
1 + 0:15Re2=3

p
(7) 

The convective heat transfer coefficient hcon is evaluated from the 
Ranz and Marshall (1952) correlations: 

Nu =
hcondp

λf
= 2 + 0:552Re1=2

p Pr 1=3 (8) 

Nu and λf are Nusselt number and film thermal conductivity, 
respectively. The heat source terms _Qc and dmp

dt hs;O2 in Eq. (6) represent 
the heat of combustion and the added enthalpy of oxygen both given by 
the oxidation sub-model proposed by Mich et al. (2023). A constant 
radiative background temperature of Trad = 300K is also considered in 
Eq. (6). Thereby, iron particles are oxidized to FeO following the het
erogeneous reaction 2Fe+ O2⟶2FeO. Only FeO is considered here as 
the relevant oxide at high combustion temperatures, while other oxides 
Fe3O4 and Fe2O3 are neglected since the oxidation happens mostly in 
liquid phase where only FeO phase is stable. Further oxidation occurs at 
lower temperatures, outside the flame zone, and is expected to mainly 
affect the colder post flame zone. The rate of change of particle mass can 
therefore be calculated from the particle diffusive area Ad = Ap, oxygen 
mass fraction YO2 , film density ρf , and external diffusion coefficient kd 

according to: 

dmp

dt
= ρf YO2 AdkdDa* (9) 

The external diffusion coefficient kd is evaluated from Sherwood 
number Sh and diffusivity of oxygen DO2 ;f as: 

Sh=
kddp

DO2 ;f
= 2 + 0:552Re1=2

p Sc 1=3 (10) 

The Stefan flow corrections for transport properties were found to be 
insignificant and hence neglected.

The normalized Damk€ohler number in Eq. (9) quantifies the relation 
between diffusion and reaction and reads: 

Da* =
Arkr

Arkr + Adkd
(11) 

The reactive area is defined as Ar = (1 − YFe)Ap = π(1 − YFe)d2
p where 

YFe is iron mass fraction. The Arrhenius reaction rate constant kr is given 
by kr = 75:0e− 14400=Tp . All film properties are calculated at film tem
perature Tf = Tp + 1=3

(
Tg − Tp

)
.

The inter-phase coupling source terms for momentum _Su;p, density 
_Sρ;p, oxygen mass fraction _SO2 ;p and enthalpy _Sh;p are calculated as fol
lows: 

_Sρ;p = _SO2 ;p = −
1

Δ3

∑Np

i

dmp

dt
(12) 

_Su;p = −
1

Δ3

∑Np

i

d
(
mpup

)

dt
(13) 

_Sh;p = −
1

Δ3

∑Np

i

(

hconAp
(
Tg − Tp

)
+

dmp

dt
hs;O2

)

(14) 

Summations in Eqs. 12–14 are over all particles within each 
computational cell, with a volume of Δ3.

3. Computational setup

The turbulent reacting shear- and mixing-layer setup is identical to 
the case by Luu et al. (2024a), which in turn was derived from the cases 
by O’Brien et al. (2014) and Rieth et al. (2018). The turbulent reacting 
mixing layer consists of an upper stream (us) of air (YO2 = 0:233;YN2 =

0:767) at Tus = 550 K that carries iron particles, and a lower stream (ls) 
of hot air at Tls = 1650 K. The parallel streams have a velocity differ
ence of Δux, as shown in Fig. 1.

The mixing layer in a domain of size Lx; Ly; Lz is characterized by an 
initial momentum thickness δθ;0, corresponding to the Reynolds number 
Reδθ;0 , is defined using the upper and lower stream's kinematic viscosities 
νls; νus as follows: 

Reδθ;0 =
Δuxδθ;0

0:5(νus + νls)
(15) 

Thereby, a hyperbolic tangent profile based on δθ;0 defines the initial 

Fig. 1. Description of the initial and boundary conditions of the CP-DNS 
test case.
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streamwise velocity field ux;0 = Δux
2 tanh

(
y− Ly=2
2δθ;0

)

. To accelerate the 

development of the mixing layer, isotropic velocity perturbations with 
magnitudes uβ́uβ́ = 0:01⋅(Δux)

2 and a characteristic length scale of 0:01⋅ 
Lx are superimposed with the velocity fields following the approach of 
Klein et al. (2003) and Kempf et al. (2005).

The domain is discretized by Ncells cubic cells with uniform grid 
spacing of Δ. A total of Np spherical pure iron particles (YFe = 1), each 
with an initial diameter of dp;init = 10 μm are randomly distributed in the 
upper stream. The number of particles is chosen to achieve an equiva
lence ratio of ϕus = 1 in the upper stream. The initial particle velocities 
match the bulk gas velocity of the upper stream. Two cases are simu
lated; First, low Reynolds (Low-Re) case with a ReLow

δθ;0 
using an identical 

setup and initial fields as in Luu et al. (2024a). Second, the extended 
high Reynolds (High-Re) case with ReHigh

δθ;0
= 24=3⋅ReLow

δθ;0
. The details of 

the setups are summarized in Table 1.
Periodic boundary conditions are imposed in the x- and z-directions, 

while a zero-gradient boundary condition is applied in the y-direction to 
allow fluid to leave the domain due to thermal expansion (Fig. 1). The 
simulations are conducted by the massively parallel in-house finite- 
volume DNS/LES solver PsiPhi (Engelmann et al., 2023; Fiorina et al., 
2023; Rieth et al., 2018) in its low-Mach number version. The convec
tive fluxes for momentum are calculated using a second-order central 
differencing scheme (CDS), while a total variation diminishing (TVD) 
scheme is adapted for scalars. The diffusive terms are discretized with 
second order CDS, and a third-order explicit Runge–Kutta scheme is 
used for time integration. The pressure Poisson-equation is solved by a 
preconditioned conjugate gradient solver.

4. Validation

4.1. Single particle

First, the iron particle combustion sub-model is validated by 
comparing single-particle predictions to experimental measurements by 
Ning et al. (2021) and Thijs et al. (2023), and another implementation of 
this sub-model (Luu et al., 2024a).

Fig. 2 illustrates the time evolution of particle temperature for a 
single laser-ignited iron particle of diameter dp = 54 μm in air at 300 K 
(left), and the burn time tburn of laser-ignited iron particles with different 
diameters burning under different oxygen concentrations at 300 K 
(right). The experimental data is compared to the single particle simu
lations. As shown, the particle temperature rises from 1500 K and then 
plateaus at 1810 K due to Fe melting; it subsequently peaks near 2500 K 
before decreasing and exhibiting another plateau at 1650 K corre
sponding to FeO solidification. The figure demonstrates good agreement 
between the current particle combustion sub-model implementation and 
both experimental and numerical results. Small inconsistencies between 
the present single particle implementation and that of Luu et al. (2024a)
are likely caused by slight differences in the thermo-transport properties 
used in PsiPhi and OpenFOAM, as well as minor effects arising from the 
Stefan flow correction employed in OpenFOAM.

4.2. The 3D DNS–cross validation

To further verify the current CP-DNS setup and to confirm the CP- 
DNS results of Luu et al. (2024a) who used OpenFOAM, their case 
(Low-Re) was simulated again using our in-house code, PsiPhi, the results 

are compared in this section. Both simulations employed an identical 
computational grid, the same initial turbulent velocity fields, and an 
identical spatial distribution of iron particles. With perfect solvers, both 
simulations would yield identical results; however, in practice, they will 
eventually begin to deviate due to the nonlinear amplification of small 
differences.

Fig. 3 shows the temporal evolution of temperature, velocity, and 
oxygen mass fraction fields averaged in the homogeneous directions x 
and z. Both simulations produce nearly identical results, with small 
differences in the oxygen mass fraction only.

The evolution of the number of particles ignited and burnt-out, 
comparing results from OpenFOAM and PsiPhi is shown in Fig. 4. Igni
tion is defined as the time at which the particle temperature exceeds 
1200 K, and burn-out corresponds to the point when the particle has 
fully consumed its iron mass. The ignition and burnt-out curves from 
both simulations agree very well throughout the simulations.

Fig. 5 illustrates the temporal evolution of the gas temperatures with 
particles colored by their oxidation progress COx simulated using PsiPhi 
(left) and OpenFOAM (right). The particle oxidation progress COx = 1 −

mFe=m0 is calculated using the initial particle mass m0 and the mass mFe 
of unoxidized iron that is left in the particle, following Luu et al. (2024a, 
2024b). At 2 ms, both simulations show the formation of distinct 
vortices that entrain the particles into the lower stream. By 4 ms, the gas 
temperature fields still exhibit very similar features, including streaks of 
hot particles entrained into the lower stream, which locally increases the 
gas temperature. However, as the simulation progresses further, subtle 
differences emerge in the structures as expected, even though the 
large-scale features remain largely consistent between the two codes.

The comparison shows that the two direct numerical simulations 
agree well. The consistency appears not only in averaged quantities and 
statistical measures as required, but even in the transient evolution of 
the results, despite the differences in the codes and the inherent sensi
tivity of DNS to small perturbations. This comparison demonstrates that 
the DNS datasets are robust, reproducible, correctly set up and not 
overly sensitive to the numerical schemes or codes.

The computational cost for the new simulation using PsiPhi was 
estimated to be around 20 times lower than the cost for the simulation 
using OpenFOAM, credit to the much simpler grid-structure that is used 
internally. This lower cost enables additional studies at a higher Rey
nolds number, which are presented next.

5. Results at different Reynolds number

Fig. 6 illustrates the temporal evolution of the gas temperature and 
particle oxidation progress COx for the High-Re case. The overall features 
resemble those observed in the Low-Re case (Fig. 5), but with the ex
pected smaller turbulent structures and a faster growth of the shear- 
layer thickness.

A highly turbulent mixing layer starts developing as early as 1 ms and 
continues growing without significant gas-phase heat-up until approxi
mately 5 ms. During this period, particles are initially transported up
ward and subsequently downward by the large-scale vortical structures, 
while largely not following the smaller-scale turbulent motions. Several 
streak-like particle clusters form and become visible around 4 ms, 
although only a limited number of burning particles are observed. At 
approximately 5 ms, the first localized hot gas pocket with temperatures 
around 2000 K appears as a result of combustion within a particle 
cluster. More hot pockets subsequently form and merge, becoming 
increasingly pronounced by 6 ms. By 8 ms, the merging of these hot 

Table 1 
Summary of the simulated cases.

Case Lx= mm Ly= mm Lz/mm Δ=mm Ncells Np Reδθ;0 δθ;0= mm Δux= m s− 1

Low-Re 76.8 57.6 19.2 0:1 85 M 5:9 M 44 0:237 30:0
High-Re 76.8 57.6 19.2 0:05 680 M 5:9 M 111 0:237 75:6
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regions leads to the formation of a sharp interface separating hot and 
cold gas, as well as burnt and unburnt particles, with streaks of burning 
particles remaining along the interface.

Compared to the Low-Re case, at a higher Reynolds number, stronger 
turbulent mixing and broader particle dispersion is observed as ex
pected. The enhanced mixing delays the formation of localized hot gas 
pockets, which appear later than in the Low-Re case. However, once 
ignition occurs, the hot regions merge more rapidly, leading to the 
formation of a sharp flame-like interface by 8 ms. In contrast, the low-Re 
case shows earlier formation of isolated hot pockets followed by a more 
gradual transition toward a continuous flame zone.

Fig. 7 provides scatter plots of particle oxidation progress COx against 
the normalized y-coordinate y=Ly for both Reynolds numbers at different 
times. The marginal PDFs on the top show the spatial distribution of all 
and burning particles in y-direction. The particles appear to be “pushed 
out” of the shear layer initially, leading to increased number concen
trations just below and above the shear layer. This appears to result from 
turbo-phoresis due to the initial, strong two-dimensional eddies that 
must first break up to form three-dimensional turbulence (a phenome
non that might affect flame stabilization in real burners and which we 
have confirmed by additional simulations with a homogeneous particle 
distribution throughout the domain - not shown here). In both the Low- 
Re and High-Re cases, oxidation is initiated near the shear layer where 
particles encounter intermediate gas temperatures (~1000 K). With 
time, the reacting region expands upwards as the mixing layer thickens, 
leading to ignition and higher oxidation states. By ~8 ms, the oxidation 
zone spans a broad range of y=Ly, with many particles approaching burn- 
out, accompanied by elevated local gas temperatures from exothermic 
reactions. The spatial and temporal evolution of particle oxidation are 
similar between the different Reynolds numbers, with differences 
caused by the rate of turbulent dispersion. In High-Re, more particles are 
found at very low gas temperatures (indicated by dark points, particu
larly in the upper stream (y=Ly > 0:5) compared to the Low-Re case. 
Additionally, at comparable times, the High-Re case exhibits a broader 
temperature distribution, pointing to the presence of a differential- 
diffusion-like effect at the higher Reynolds number. However, the 
overall behavior is quite consistent between the two different Reynolds 
number cases.

Fig. 8 shows scatter plots of particle temperature against oxidation 

Fig. 2. Left: Evolution of particle temperature for a laser ignited iron particle of diameter dp = 54 μm in 300 K air, comparing the present simulation to the Thijs 
et al.'s (2024) experiment and the Luu et al.'s (2024a) single particle simulations. Right: Burn time tburn of laser-ignited iron particles with different diameters dp 

burning under different oxygen concentrations from the present simulation compared to the experiment by Ning et al. (2021) and the simulation by Luu 
et al. (2024a).

Fig. 3. Spatially-averaged gas temperature 〈Tg〉 (left), stream-wise velocity 〈u〉 (center), and oxygen mass fraction 〈YO2 〉 (bottom) from the present simulation and the 
work by Luu et al. (2024a).

Fig. 4. Temporal evolution of the number of particles that are ignited and 
burnt-out from the present simulation and from the work by Luu et al. (2024a).
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progress for High-Re and Low-Re cases, colored by normalized Dam
k€ohler number Da* (Eq. (11)) at different times. Two distinct tempera
ture plateaus are observed at 1610 K and 1810 K, corresponding to the 
melting and solidification of iron and iron oxide. Once particles exceed 

1200 K, heterogeneous oxidation becomes diffusion-limited (Da* = 1), 
with particles predominantly aligning along the upper temperature 
trajectory. As oxidation approaches completion at later times (~5–8 
ms), Da* gradually declines, particularly at lower temperatures and 

Fig. 5. Snapshots of the gas temperature in the x-y plane from the present simulation using PsiPhi (top row) and Luu et al.'s (2024a) simulation using OpenFOAM 
(bottom row). Particles are colored by their oxidation progress COx.

Fig. 6. Snapshots of the gas temperature and particle oxidation in the x-y plane for High-Re case. Particles are colored by their oxidation progress COx. The results can 
also be compared with those shown in Fig. 5.

Fig. 7. Scatter plots of particle oxidation progress against normalized y coordinate, for High-Re (top) and Low-Re (bottom) cases, colored by their surrounding gas 
temperature at different time snapshots. The distribution of particles is shown above each sub-figure.
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oxidation progress, due to the limited reactive surface area. Minor dif
ferences are limited to specific instants: at 1.5 ms, the High-Re case 
shows fewer burning particles and a slight split in the oxidation trend; at 
~5 ms, high turbulence exhibits a narrower temperature spread; and at 
~8 ms, the High-Re case displays a slightly wider scatter for COx > 0:2. 
Overall, the temporal evolution and regime transitions remain compa
rable between both turbulence levels.

The spatially-averaged profiles of gas-phase temperature 〈Tg〉, 
normalized streamwise velocity 2〈u〉

Δux
, and oxygen mass fraction 〈YO2 〉 for 

High-Re (left) and Low-Re (right) cases are illustrated in Fig. 9. Overall, 
all the averaged profiles evolve similarly in both cases with the figures 
for the High-Re case evolving faster as a result of increased mixing and 
dispersion. The gas-phase temperature distribution widens as the mixing 
layer develops while remaining monotonic early in the simulation, 
showing an almost non-reactive mixing process. Subsequently, a local 
maximum emerges near the center of the domain at nearly 4 and 5 ms 
for the Low-Re and High-Re cases, respectively. This maximum is a sign of 
an iron flame igniting. Simultaneously, the oxygen mass fraction begins 
to decrease significantly, confirming the emergence of a flame. By the 
end of the simulation, the average temperature profile reaches a 
maximum of approximately 1900 K, well above the initial lower stream 
temperature, with the oxygen mass-fraction dropping to less than 0.1 in 
both cases.

Fig. 10 depicts the spatially-averaged profiles of averaged turbulent 
kinetic energy normalized by Δu2

x , oxygen consumption rate, and heat 
exchange rate. The normalized turbulent kinetic energy increases at y=
Ly ≈ 0:5 with both a rise in magnitude and a progressive widening of the 
profile. It reaches a peak value of approximately 0.03 for both Low-Re 
and High-Re cases, after which the profiles start decreasing in magnitude 
while still widening. This reduction in turbulent kinetic energy is 
attributed to the increase in viscosity resulting from the heat release 
during combustion but also to the reduction in turbulence production as 
a result of the decaying shear rate. Throughout the domain, the High-Re 
case exhibits consistently higher turbulent kinetic energy and wider 
profiles than the Low-Re case. The oxygen consumption rate also in
creases while the profiles widen; however, in contrast to the turbulent 
kinetic energy, the peak location shifts upstream. This indicates a spatial 
separation between the reaction zone and the turbulent shear layer, 
which is expected as a result of flame propagation. As the profiles 
continue to widen, their magnitude decreases. The overall trend for the 
oxygen consumption rate profiles is similar for both Reynolds numbers. 
The heat exchange rate profiles are initially negative when particles are 
heated by the gas, before becoming positive due to the heat release of the 
particles and the subsequent heat transfer to the gas-phase. The negative 

values, indicating heating of the particles by the hotter stream, have a 
greater magnitude in the High-Re case and persist over a longer period as 
a result of greater particle dispersion. Later on, the heat exchange rates 
in both cases become positive and follow similar trends and magnitudes, 
with the High-Re case lagging behind initially before catching up and 
“overtaking” the Low-Re case. This confirms that at a higher Reynolds 
number, the particles can be burned more intensively and in a smaller 
domain, but also that a greater amount of hot (recirculating) gas is 
required to stabilize the combustion.

Fig. 11 (left) illustrates the temporal evolution of the normalized 
number of ignited and burnt-out particles (top) and their corresponding 
rates of change (bottom). The number of ignited particles starts 
increasing at approximately 2 ms, while the number of burnt-out par
ticles begins increasing around 2.5 ms. Both cases follow a similar trend 
until roughly 3 ms, after which the high-Reynolds-number case exhibits 
consistently larger numbers of both ignited and burnt-out particles for 
the remainder of the simulation. The ignition rates reach peak values 
above 2.5 at 4 ms for the Low-Re case and above 5.0 at 6 ms for the High- 
Re case, before gradually leveling off at approximately 1 and 1.5, 
respectively. The initial high rates are because of high oxygen concen
trations in the mixing layer that promotes both ignition and oxidation. 
Subsequently, when particle combustion causes oxygen depletion in the 
mixing layer the rates start decreasing and leveling off indicating flame 
stabilization. Fig. 11 (right) shows the temporal evolution of the total 
converted iron mass (top) and the iron conversion rate (bottom), 
normalized by the initial particle mass, for the two Reynolds numbers. 
The results confirm the observations from the particle-number evolu
tion, with the High-Re case exhibiting consistently larger converted iron 
mass and faster conversion rates after approximately 3 ms. The 
conversion-rate curves show trends and peak locations similar to those 
observed for the ignition-rate evolution. This indicates that the oxida
tion process remains largely similar at the particle scale, while the faster 
overall conversion rates are primarily driven by differences in the gas- 
phase mixing and turbulence characteristics.

To further investigate particle scale effects, Fig. 12 examines the 
relationship between particle oxidation rate and the local oxygen mass 
fraction at the particle positions for the High- and Low-Re cases. As ex
pected from Eq. (11), the dependence is linear, with the slope governed 
by the combined effects of surface reaction and external oxygen diffu
sion and modified by transport properties and particle slip velocity. Both 
cases exhibit nearly identical distributions, including similar scatter and 
mean slopes, as indicated by the dashed lines. This confirms that the 
particle-scale oxidation behavior remains largely unchanged despite 
differences in turbulence, indicating relatively weak coupling between 
turbulence and the individual particle combustion dynamics.

Fig. 8. Scatter plots of particle temperature against particle oxidation progress, for High-Re (top) and Low-Re (bottom) cases, colored by normalized Damk€ohler 
number Da* (Eq. (11)), at different time snapshots.
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Fig. 13 presents the temporal evolution of the ignited particles’ mean 
oxidation rate normalized by the initial particle mass together with the 
mean oxygen mass fraction interpolated at the particle positions. 
Overall, both quantities decrease with time for both Reynolds numbers. 
Before approximately 6 ms, the High-Re case exhibits consistently higher 
mean oxidation rates, accompanied by higher local oxygen mass frac
tions at the particle locations. Hence, the differences in mean oxidation 
rates arise primarily from enhanced oxygen availability due to stronger 
turbulent mixing at a higher Reynolds number. Interestingly, both the 
mean oxygen mass fraction and the mean oxidation rate converge after 
approximately 6 ms. Initially, burning particles in the High-Re case are 
exposed to significantly stronger turbulence levels, as observed in 
Fig. 10, which enhances oxygen entrainment into the reaction zone. At 
later times, however, the developing spatial separation between the 
main reaction zone and the turbulent region reduces this effect, leading 
to convergence of both oxygen availability and particle oxidation rates 
between the two cases.

Fig. 14 illustrates the distribution of particle burn-time tburn for High- 
Re and Low-Re conditions, where burn time tburn is defined as the 
duration from particle ignition to burn-out. The number is normalized 
by the initial total number of particles. The dashed line shows the mean 
values for each case. The distributions of burn-times are similar; mostly 
between 0 and 2 ms with some particles having burn times up to 6 ms. 
The High-Re case exhibits a slightly lower mean burn time. Additionally, 
the Low-Re case shows a broader distribution with burn-time extending 
to roughly 6 ms. The higher burn time values in the lower Reynolds 
number case result from lower oxygen availability, which explains the 
differences in burn-out rates observed in Fig. 11.

6. Conclusion

This study investigated the combustion dynamics of iron particles 
within a turbulent mixing layer using carrier-phase DNS simulations. 
The single particle combustion model was validated by comparing 

Fig. 9. Spatially-averaged gas temperature 〈Tg〉 (left), normalized stream-wise velocity 2〈u〉
Δux 

(center), and oxygen mass fraction 〈YO2 〉 (right) for the High-Re (top) and 
Low-Re (bottom) cases.

Fig. 10. Spatially-averaged normalized turbulent kinetic energy 〈k〉=Δu2
x (left), oxygen consumption rate 〈 _SO2 〉 (center), and heat exchange rate 〈 _Sh〉 (right), 

comparing the High- (top) and Low-Re (bottom) cases.

P. Ghofrani et al. Particuology 115 (2026) 390–400

397 



single-particle simulations to experimental data and a prior imple
mentation, showing good agreement. A three-dimensional DNS cross- 
validation against the work by Luu et al. (2024a) confirmed the 
robustness and reproducibility of the datasets and included the first-time 
deterministic comparison of instantaneous realizations.

The influence of turbulence intensity on the ignition, oxidation, and 
burn-out characteristics of iron particles was investigated by extending 
the setup to a higher Reynolds number. It was found that the High-Re 
case exhibits the expected stronger turbulence, finer-scale structures, 
and faster growth of the shear- and mixing-layer. Clear streaks of par
ticles following vortices are formed early on in Low-Re case, while in the 

High-Re these clusters were more dispersed and formed later than in 
Low-Re. The stronger turbulence in the High-Re case led to broader 
ignition zones and more sustained particle combustion at lower sur
rounding gas temperatures. The High-Re case exhibited higher ignition 
and conversion rates due to the broader reaction zone and enhanced 
oxygen entrainment caused by stronger turbulent mixing. The particle- 
scale oxidation behavior remained nearly identical between the two 
cases, indicating weak coupling between the gas-phase turbulence and 
individual particle combustion. Consequently, the enhanced combustion 
in the High-Re case is primarily attributed to increased oxygen avail
ability rather than direct turbulence effects on the particle oxidation 
process.
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Fig. 11. Time evolution of the number of particles ignited and burnt-out (top left) and their time derivatives (bottom left) for the High-Re and Low-Re cases, 
normalized by the total number of particles. Time evolution of total mass of Fe (top right) and the rate of Fe conversion (bottom right) normalized by the initial total 
mass of particles, comparing the two cases.

Fig. 12. Scatter plot of particle oxidation rate normalized by their initial mass 
against oxygen mass fraction interpolated at their positions, comparing High- 
and Low-Re cases.

Fig. 13. Evolution of mean oxidation rate of the ignited particles normalized by 
their initial mass (left axis) and mean oxygen mass fraction interpolated at 
particle positions, comparing High- and Low-Re cases.

Fig. 14. Distribution of particle burn-time tburn. Mean burn times are marked 
with dashed lines. The number of particles is normalized by the initial total 
number of particles.
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