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HIGHLIGHTS GRAPHICAL ABSTRACT

In iron particle cloud combustion, clus-
tering increases the overall combustion
time.

Iron particles outside clusters ignite later
but burn out faster due to the availability
of more oxygen.

Even for equivalence ratios well below
one, local oxygen depletion slows down
overall reaction.

The consumption of oxygen leads to
locally negative divergence which en- . o * fam
hances existing particle clusters. Combustion becomes  limited Particle  clustering leads to high com- Particle clusters condense due to

Interaction between clustering and iron particle cloud combustion

We perform CP-DNS simulations of clustering and burning iron particle clouds in homogeneous isotropic turbulence.
Particle combustion is investigated at unity Stokes number for equivalence ratios ranging from $=0.1 to 2.
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ARTICLE INFO ABSTRACT
Keywords: We perform carrier-phase direct numerical simulations (CP-DNS) to investigate the interaction of iron particle
Iron particle cloud combustion cloud combustion and clustering through turbulence. A pseudo spectral multi-phase solver in combination with
CP-DNS a point particle iron reaction model is used, capturing mass, heat and momentum transfer between the phases.
Particle clustering We investigate the combustion of 10 pm-sized iron particles with air, in homogeneous isotropic turbulence (HIT)

Stokes number

T at Stokes number one, varying the equivalence ratios from lean (¢ = 0.1) to fuel-rich (¢ = 2). At the start,

the particles are homogeneously distributed with a temperature below particle ignition temperature. Particle
clusters form through turbulence and ignite. While in the very lean regime (¢ < 0.25) the O, diffusion through
the particle boundary layer limits the conversion of Fe to FeO, for ¢ > 0.5, the oxygen depletion in clusters
slows down the overall oxidation progress, and the conversion is limited by the transport of oxygen from regions
devoid of particles into clusters. This observation from numerical simulation is supported by a time-scale analysis
of the effects involved. We also quantify particle clustering through a Voronoi tessellation and show that through
combustion, particle clusters become more prominent. This is caused by two effects. First, if the reacting particles
are spaced closely enough to create a local lack of oxygen, a fluid flow is triggered from the regions devoid of
particles into clusters. This flow carries particles into the cluster region. Second, finite-size particles cannot follow
the fast thermal fluid expansion caused by the exothermic particle reaction as well as the slower compression
through heat losses to colder areas.
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1. Introduction

The rising energy demand and transition towards renewable sources
create the need for large-scale energy storage and long-distance trans-
portation solutions. A promising concept is a redox cycle based on metal
fuels. Since both the metal and its oxides are in solid form under ambient
conditions, the fuel is kept within the cycle [1,2].

Iron is one of the proposed materials, which can be burned as a pow-
der in air similar to solid carbon-based fuels. Existing coal power plants
could be refitted with iron combustion chambers [3]. Unlike volatile-
containing carbon-based fuels, the reaction of iron to its oxides occurs
mostly in solid or liquid form due to very high boiling temperatures.
Therefore, the effects of fluid motion on combustion properties, such as
quenching and flame speed, differ from the well-known fuel types. Many
experimental and numerical works characterize the combustion of sin-
gle particles under various conditions [4-6], and several reduced-order
models describe the essential aspects of the combustion process through
a set of ordinary differential equations [7-11]. These models are cru-
cial to simulate flows involving a large number of particles [12-14].
While some combustion setups allow for self-supporting laminar iron
dust flames [15], stabilizing a turbulent flame at industrial scale remains
a challenge. Thus, turbulence is still an essential feature of combustion,
which becomes important for the transition towards large-scale applica-
tions. Despite an increasing number of studies analyzing various cloud
combustion conditions e.g. [15-17] the interplay between turbulence,
particle motion, and combustion is not yet entirely understood.

It is known that inertial particles form clusters in turbulence [18-20],
accumulating preferentially in strain-dominated flow regions [21-23].
This has been observed in simulations of a turbulent mixing layer with
reacting iron particles [14,24]. However, the large number of mech-
anisms at a play, such as the unsteadiness of the shear layer, the
anisotropy of the flow, and the particle size distribution, make it diffi-
cult to narrow down the influence of particle preferential concentration
on the combustion process.

In a recent work, we showed that for initially kinetically-limited
particle/air mixtures in homogeneous isotropic turbulence (HIT), igni-
tion occurs first within particle clusters [25]. Now we extend the focus
beyond the point of ignition and address the following two questions:

» How does clustering affect the combustion time of iron particles at
different equivalence ratios?
» Does combustion influence particle clusters?

2. Modeling and numerical setup

We carry out numerical simulations of iron particle combustion in
a turbulent flow through an Eulerian-Lagrangian carrier-phase DNS ap-
proach with a point-particle approximation. The velocity field u; advects
two active scalar fields, namely the volumetric enthalpy ph and oxy-
gen species pY , together with the reacting inertial particles. The fluid
phase simulation relies on a Fourier pseudo-spectral method and is
coupled with the particle phase through the Non-Uniform Fast Fourier
Transform, while a second-order Runge-Kutta scheme is used for time
integration [25,26]. To simulate the iron particle combustion we em-
ploy the first-order surface kinetics model (FOSK) [11]. The particles can
have a velocity and temperature difference with respect to the surround-
ing fluid resulting in a two-way heat, mass and momentum transfer. The
large density ratio between the particles and the gas phase, up to four
orders of magnitude, justifies the assumption of a zero-dimensional par-
ticle model. In the following subsections, we describe the modeling in
greater detail.

2.1. Thermodynamic fluid model

The fluid phase consists of a mixture of the two ideal gases, oxygen
0, and nitrogen N,, governed by the state equation p, = pRy,T, where
po(?) is the thermodynamic pressure, p(X,7) and T'(X,) the fluid density
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and temperature, and Ry, (X,t) = Y02R02 + YNzRNz the local gas con-
stant of the mixture, with YOZ(?c, 1) and YNz (X, 1) the local mass fractions
of each species. Material properties of the gas are computed from the
local temperature, species mass fractions and pressure p,. In particular,
the heat capacity c, and the specific enthalpy 4 of the mixture are poly-
nomial functions of the temperature 7' [27] and the mass fractions of
each species YO2 and YNz' For the thermal conductivity 4, we use the
empirical relation A/c, = 2.58 x 107 kgm~' s~!(7/298 K)*7 introduced
in [28]. The dynamic viscosity u of the fluid and the oxygen mass diffu-
sivity Do2 are determined from the Prandtl and Schmidt (Pr = Sc = 0.7)
number definitions,

A P
u=pPrl D02=Tr. 1
[ ¢pPSco,

2.2. Fluid flow

We expect small flow velocities compared to the local speed of sound
and therefore apply the low Mach number approximation p(X, t) = py(1)+
(X, 1) [29] to the pressure field p(X, 7). The pressure fluctuations = due to
momentum changes are small compared to the thermodynamic pressure
po- The material parameters of the fluid depend on the spatially constant
thermodynamic pressure p (), while the fluid momentum Eq. (2¢) only
features the local pressure fluctuations z(%,t). The governing equations
for the gas phase in index notation read

dp  9(pu;)
or = 2
ot * 0x; 0, (2a)
0(pY02) (3(puiY02) 9 0Y02 b
——2 =~ ppy =2 ]+ 2
o " Tox, ox, \ 770, 55 ) T o0, (2b)
Apuy) | Ipuju; or | 9%,
vy L -_T, Y5 ; 2
a 0x; 0x; * 0x; St i (29)
oH  OowH) 9 ( or  dpg
97 =—(1— — + 5y, 2d
a "oy, Toq \ox )t toH 2D

where u;(X,7) are the Cartesian components of the fluid velocity, re-
peated indices imply summation, and H(X,t) = ph is the volumetric
enthalpy with units Jm~3. The external forcing f;(¥,?) introduces an
energy flux into the large flow scales, compensating the small scale dis-
sipation and sustaining turbulence [30]. The stress tensor in Eq. (2) is
given by

ou; Ou; 2  duy
= —+ L -5, %), 3
= (axj *ox 3%, 3)

1
while the source terms S,(X,7) represent the mass, momentum and
heat transfer from the particles to the fluid phase. Within the point-
particle approximation, they are a superposition of Dirac delta functions
centered at the particle positions

Np dmg,

So, =—2; SO -%)) (4a)
—
Np dmo7

Siy=- Z Fiarg + —3 53 —-%,) (4b)
p=1
Np

Su==, (Qconv + Qdmp/dr> 8(X — %), (40)

p=1

where dmo2 /dt is the consumption rate of O, mass by the particles and
F, 4rag Tepresents the drag force exerted on the particle. The particles
alter the fluid enthalpy via convective heat transfer Q.,,, and mass

transfer Q'dmp Jdie
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2.3. Iron particle model

As an iron particle combustion model, we use the first-order surface
kinetics (FOSK) formulation by Mich et al. [11]. The model considers
the reaction of Fe with oxygen to FeO, while neglecting later oxidation
stages since they release considerably less energy. Particle melting and
solidification plateaus during heat-up and cool-down are captured. The
temperature within the particle is assumed to be homogeneous owing to
a low Biot number of the particle. The thermodynamic parameters of Fe
and FeO are computed as in [11]. The particle temperature follows from
the particle enthalpy, total and iron mass through the Shomate equation
with parameters from Ref. [31].

The particle state is completely described by the total particle
mass m,, iron mass m,p, and enthalpy H,, for which the governing
equations are

p.Fe

dm, y
5 = r¥o, Iz, AdkyDa (5a)
dm dm
p.Fe 1 14
__1_r b
dr s dt (50)
dH, . :
F = Qconv + Qrad + Qdmp/dt (50)
= —k,A (T T )+Q’ ey 5d
=~k A, (T, - Tl;, rad + —~ho, (T)- Gd)

The subscript p denotes particle variables, while |?c,, denotes fluid
variables evaluated at the particle position. The subscript f indicates
the evaluation at film temperature, defined as T, = (T'| 5+ 2T,)/3, e.g.
the gas film density p,. The normalized Damkdhler number is Da* =
(A,k,)/(Ak, + Ayk,), with the reactive and diffusive surface equal to
the particle surface area A, = A; = 4, = 47rr12). The kinetic limitation
is given by the Arrhenius term k. = k, exp(—T,/T). The radiative heat
loss Qg = —erado-ApT;‘ is calculated with the emissivity of the particle
€24 = 0.7 and the Boltzmann constant ¢. The enthalpy of the oxygen

added through the mass transfer is h02 (T,)- The diffusive and convective
transfer coefficients, k;, = Sh* DOZ"f /d, and k. = Nu*A,/d, follow from
the Sherwood and Nusselt numbers, calculated with the Ranz-Marshall
fit Sh = Nu = 2 + 0.6Prl/ 3Re11,/ % [32]. The particle Reynolds number is
Re, = p| %, lli, -l %, lld,/ul %, Both numbers are corrected to account for

the Spalding heat and mass transfer numbers B,,; and By,

In(1 + Byy) Nu® = Nuln(l + By)
By - By

Sh* = Sh (6)
The Spalding numbers are defined in [11], and all model parameters
are taken from there unless stated otherwise.
The particle momentum balance considers the drag force and the
momentum exchange due to mass flux between the particle and the gas
phase

du,',p Fi,drag + Fi,dm,,/dr
=——— )
dr m

P

ulz —uy dm
= = (371'/4dp(1 +0.15Re0 ) + —”) : ®
m, dr

3. Computational setup

The simulation domain is a cube with side length L and periodic
boundary conditions in all directions. Since the overall mass within the
domain is conserved, the thermodynamic pressure p,(¢) will rise during
the combustion simulation in HIT. However, pressure does not have a di-
rect influence on particle combustion for the present case. Different from
gas flames with direct integration of (pressure-dependent) homogeneous
chemistry we do not need to consider gas chemistry for heterogeneously
burning iron-air flames. Moreover, since both the thermal transfer
coefficient k. = Nu*A,/d, of the particle and the term relevant for
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the oxygen flux (dm,/dr) to the particle p -k, = p;Sh"Do ,/d, =
Sh*(4/c,) Pr / (Sco2 d,) are independent of p,, the heterogeneous particle
reaction rate is therefore not affected by pressure. For a simulation with
constant pressure, commonly used for simulating unconfined labora-
tory burners, the gas density would decrease during combustion. While
this would influence absolute particle combustion times, the relative
comparison of the cases shown here would still hold.

But a strong influence on particle combustion properties like the
burnout time is not expected for our model. A pressure constant in time is
not possible for HIT setups with periodic boundaries. Even if the combus-
tion time of a particle does differ due to e.g. different diffusivities within
the gas phase, the comparison between the different cases presented in
this work still provides valuable insights.

Particle clustering in isotropic turbulence is known to be most
prominent at a Stokes number
st= 2, ©

Ty

of one, that is, the particle inertia time scale z, = m,/(3zud,) is close to

the Kolmogorov time 7, = /(v)/e [18-20]. Here, (v) is the spatial aver-
age of the kinematic viscosity and e corresponds to the mean dissipation
rate

1 ou;
= g5 (5 oo

Particles in large vortices are ejected from the vortex center and pref-
erentially aggregate in regions with high strain rates. This clustering
effect is highest for Kolmogorov Stokes numbers around unity [25].

We perform six simulations of turbulent iron particle cloud combus-
tion at St = 1, changing the fuel equivalence ratios from ¢ = 0.1 to 2
through the number of particles. In order to start the two-phase simula-
tions in statistically converged isotropic turbulent fields, the fluid phase
is evolved for more than 25 eddy turnover times without particles set-
tling to a Taylor-scale Reynolds number Re; = (u;u;)1/5/(3(v)e) = 41 and
integral scale Reynolds number Re,_ = ¢,—o/{u;u;)/3/{v) = 66. ¢, is
the integral length scale determined by integrating the autocorrelation
function of the turbulent velocity field [33]. The enthalpy and oxygen
species fields are initialized as constant, only the particle-gas coupling
introduces changes to those scalars. At the start of the two-phase simu-
lations, iron particles with d,, = 10 um are introduced to the domain
using a spatially homogeneous random distribution. The initial particle
velocity and temperature match the fluid values at the particle position.
These cases involving turbulent flow are referred to as (T1-6). In order
to compare the turbulent combustion to a case where no forced fluid
flow and no particle clustering are present, we performed six additional
reference runs (R1-6), starting with zero initial velocity and setting the
fluid momentum forcing term f; in Eq. (2¢) to zero. The other parame-
ters are unchanged. The results for cases (R) are very similar to single
particles burning with zero slip velocity. While in simulations (T), the
turbulent flow drives intense particle clustering, in cases (R) fluid flow
is driven by the particle feedback only, leading to overall very little fluid
motion due to the homogeneous particle distribution. For (T), a particle-
induced flow is present where clusters persist, which is expected to be
smaller in terms of magnitude compared to the overall turbulent motion
of the gas.

As the simulation begins, the particles first oxidize limited by kinet-
ics and slowly heat up before ignition occurs at a particle temperature
of ~850 K. This preheating time decreases for higher ¢, since the over-
all energy output scales with the number of particles N,. Throughout
this time, turbulence leads to the formation of particle clusters, and in
our simulations, the clustering level does not change significantly after
10 Kolmogorov time scales ~107, = 12 ms. We lower the starting tem-
perature for higher equivalence ratios to ensure a converged particle
distribution before ignition. For decreasing temperatures, the dissipa-
tion rate epreryn = H/ (prg) needs to be smaller to keep St = 1. Tables 1
and 2 summarize the simulation parameters.
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Table 1
Common parameters for all simulations.
Variable Value
N 64 Number of resolved Fourier modes
At 3x107%s Time step
Knax \/5 zf”m‘l Maximum forced wave number (cases (T1-6))
Yo, -0 0.233 0O, mass fraction at 7 = 0
Pos=o 1x10°Nm™ Thermodynamic pressure at t = 0
Table 2

Parameters specific for each turbulent case (T) and reference case (R).

TI/R1  T2/R2  T3/R3  T4/R4  T5/R5  T6/R6
¢ -] 0.10 0.25 0.50 1.00 1.50 2.00
N, [-] 0.235M 0.585M 1.163M 2.304M 3.434M 4.564 M
L [mm] 29.9 29.8 29.6 29.3 29.1 29.0
T, [K] 796.6 789.7 779.7 764.8 754.8 749.8
Cprerun [M257°] 583/0  56.7/0  545/0  51.2/0  49.1/0  48.1/0
£, [mm] 6.33 6.30 6.26 6.21 6.17 6.15
7, =7, [ms] 1.19 1.20 1.21 1.23 1.24 1.24

The resulting mean particle slip velocities |u; —u; ,| during the simu-
lation are ~ 0.25 ms~! with a standard deviation of ~ 0.1 ms~!, which
is comparable to recent experimental-numerical work conducted on a
47 kW laboratory burner [34], where slip velocities up to 1 ms~! are
reported for particles twice the present size. Compared to laboratory
iron-air flames our HIT setup features an increase in pressure with time,
does not have any mean shear and only models the first oxidation stage
of iron, neglecting the later stages. However, this well-defined setup al-
lows for fundamental investigations of the effects of turbulence, particle
clustering and equivalence ratio on iron-air flame characteristics which
are the focus of the present study.

4. Results and discussion

We start by investigating the influence of clustering on iron parti-
cle cloud combustion in Section 4.1, before looking into the opposite
direction in Section 4.2.

4.1. Results of clustering influence on burn time

We define the ignition event of a single particle as the time with the
highest temperature gradient dT,,/ds of a particle during oxidation. Since
the duration from the start of the simulation until the first particles ig-
nite differs between cases, we define a reference time at which 10 % of
all particles have ignited as 1,y jg,- Later stated times give the duration
past that specified ignition time, namely t—t,¢g jgq- Fig. 1 shows 2D slices
through the three-dimensional domain at ¢ — #,¢, jo, = 1.2 ms. We use
the mass fraction Coy = mg./m, = 1 - mg./m, to quantify the oxidation

TI (¢ =0.1)

T3 (¢ =0.5)

5 mm
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progress of each particle. At this stage, for the lean setup ¢ = 0.1, all par-
ticles in clusters are burnt out (Cp, = 1), and locally still have gaseous
oxygen left. Instead, particles outside clusters have not yet ignited be-
cause the heat released by the oxidizing particles has not yet spread to
provide heat for ignition. For higher ¢, the local O, concentration in
clustered regions tends to zero, and not all particles can quickly burn
out. This limiting effect manifests even for the globally lean case with
¢ =0.5.

We express the overall combustion progress over time as the fraction
of the iron mass converted to oxide,

N
Zp=P1 My Fe()

cn=1-—; )
et = 0)

an

This combustion progress variable starts at O for + = 0 and reaches
a maximum C,,,, = min(l,1/¢) at late times. Fig. 2 shows the over-
all combustion time feomp, x9 = p x% — to%,igns Where tp is the time at
which C is X% = 80 % --- 98 % of Cp,.x- Compared to the reference cases
(R), without strongly turbulent fluid motion and particle clustering, the
combustion times in a turbulent flow (T) are always longer. This is be-
cause particles in clusters ignite earlier, but it takes additional time for
the heat released in the clustered regions to spread and ignite particles
in less populated regions. The turbulent case with ¢ = 1 has the longest
combustion duration. Since neither oxygen nor iron surplus is present in
the domain, all oxygen has to be transported to unburnt iron, which is
very sparse in the later stages of the simulation. When increasing ¢ past
stoichiometry, the combustion time decreases but remains significantly
higher than the reference case. In the following, we will characterize
the connection between the increase in combustion time and the local
particle distribution in greater detail.

To quantify clusters, we perform a 3D Voronoi tessellation
[12,35,36], using the Python package freud, based on Voro++ [37,38].
The tessellation divides the 3D space into regions closest to individual
particles, based on the local particle number density. The volume V' of
the Voronoi cells normalized by their spatial average, V = V /(V'), indi-
cates the local clustering level. Particles in dense groups have a smaller
V than those in void regions, while the mean normalized volume is fixed
at (V)y=1.

We run the Voronoi analysis on the particle phase at t = ;g jgn-
Then we sort all particles according to their volume V. If a particle be-
longs to the 10% smallest volumes, it is considered “in a cluster”, if
it is within the largest 10 %, it is “outside clusters”. This classification
does not account for the strength of the clustering, which is compara-
ble among simulations (T) since they have the same reference Stokes
number. Also particle groups can break apart, but their lifetime corre-
lates with their size. Larger clusters, at the end of their lifetime, tend
to split apart and recombine into new large clusters [39]. Correlating
the Voronoi volumes at t = t1gq jgn With ¢ — #gg jgn = 5 ms still gives

10
0.20
0.8 —
g
06 [ro1s
Q =
i ~
04 [f010 =
8
029 | 005
0.0 0.00

Fig. 1. 2D slices of burning iron particles in HIT. For ¢ > 0.5, the O, inside particle clusters becomes a limiting factor for further oxidation. Particle sizes are

exaggerated.



G. Thdter, M. Carbone, O.T. Stein et al.

°
10.0 1 °
&
) o
% X
1.0{% % % % o
01 05 1 15 2
¢ []
® Turbulent case (T) teomb,80% ™ tcomb,95%

% Reference case (R) teomb,90% M feomb,98%
Fig. 2. Time from ignition to end of combustion, defined by the percentage of

oxidized iron.
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—T1(p =0.1)
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Fig. 3. PDF of Voronoi volumes V. TI-T6 are very similar due to identical Stokes
numbers. The dotted line shows the distribution for R1-6, the colored areas the
grouping in- and outside clusters.

a (Pearson) coefficient of 0.5-0.7, depending on the setup. However, at
times > 5 ms, the correlation coefficient decreases further, and the cat-
egorization made on the initial clustering state tends to apply less. The
probability density function for all (T) cases t = t,gq j4, is in Fig. 3. The
PDF of V has fat tails corresponding to both small and large V, com-
pared to the narrower random and homogeneous distribution (dotted
line), showing the presence of clustering.

Different clustering levels affect the evolution of the particle com-
bustion. To analyze this, we consider the time evolution of the particle
temperature T,, the oxygen mass fraction at the particle position YO2 | %,
and the oxidation progress Cq,, conditional on the initial clustering
level in the vicinity of the particle. In Fig. 4, each row corresponds to the
quantity indicated on the left, and each column represents a different
turbulent simulation. The blue (orange) lines and areas show the mean
and standard deviation of the variables relative to the particles inside
(outside) clusters, and the black solid line indicates the mean value
over all particles. The temperature plot shows that particles inside
clusters ignite earlier than those outside. Within clusters, the particle
oxidation for the turbulent case with ¢ = 0.1 progresses similarly to
the reference case (simulations (R), dotted line), while low particle
concentration leads to delay in the ignition. However, for high ¢, the
local oxygen mass fraction drops more prominently in the clusters,
significantly reducing the oxidation rate, which is proportional to
Yo2 | 5,0 see Eq. (5a). Particles outside clusters have more available
oxygen and burn out faster, as shown by the crossing between the Cgp,
curves relative to particles inside and outside the clusters for ¢ > 0.5.
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0 5 0 0 5 10
Time t — t10% jgn [Ms]

0.0

Particle in clusters Overall mean

Particle outside clusters ===+ R - Reference w/o clustering

Fig. 4. Particle and fluid quantities over time, averaged over particles in and
outside clusters. Rows: Particle temperature T),, gas oxygen mass fraction Yo, Iz

»
at particle position X, and oxidation progress Co, = .o /m,-

0.2
US 00 4=—=—=————H*~————===
o — TI(p=01)
= — T2(p =0.25)
g —021 — T3 (¢ =05)
— T4(p=1)
T5 (p = 1.5)
—0.4 1 T6(p=2)
0 5 10 15

Time t — th%,ign [ms]

Fig. 5. Correlation between Voronoi volume V and oxidation progress Co, for
different equivalence ratios ¢. Initially, particles in clusters are further oxidized,
the correlation is negative. The sign then flips for ¢ > 0.25, particles outside
groups burn out faster.

Particles inside clusters reach lower peak temperatures since a slower
oxidation reduces the heat release on the particle.

The local oxygen depletion is more pronounced for high equivalence
ratios. For ¢ = 1, the particles outside the clusters ignite last, but almost
all burn out within 2.5 ms. Instead, particles in clusters combust slowly,
and even after 10 ms the mean oxidation progress is only 75%. This
shows that the high combustion time shown in Fig. 2 is mainly due to
incomplete oxidation within clusters. Even if enough oxygen is available
globally, the partially unburnt iron and oxygen are spaced apart, and
the combustion rate is limited by the oxygen diffusion from oxygen-rich
regions towards oxygen-depleted regions within particle clusters.

Fig. 5 shows the correlation of the oxidation progress Cq, and nor-
malized Voronoi volume ¥ over time. Up to the ignition time the value
is always negative, so further oxidized particles tend to be close together
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with small V. Already for ¢ = 0.25, but more pronounced for ¢ > 0.5, the
sign of the correlation flips ~2 ms after ignition, showing that particles
with higher Cq, will now be found outside clusters. For ¢ < 1 the cor-
relation tends to zero and becomes undefined when Cgy, = 1 is reached
for all particles.

Our results indicate that, for the considered setup, oxygen transport
into clusters is rate-limiting for higher ¢. We now compare the charac-
teristic time scales of diffusion and particle combustion to see whether
the limiting mechanism can be estimated through flow and particle pa-
rameters. When a single particle is burning in an excess of oxygen at
high particle temperatures T, > 1500 K, the Damkohler number Da* is
close to unity, and the overall combustion time 7, ., can be estimated
through Eq. (5b) as in [40]

4 .3
m,,_ p,=TF
p,1=0 P3"p 1, Sc
Tp,comb ~ dmipe =7 = g"p SPRe Yo i, 12)
Tl 5PrYo,Adka 0,¥s

For a 10 um-sized iron particle with temperature of 1200 K in air
at 800 K, the resulting time scale is 7,.qm, = 1.2 ms, comparable to
the Kolmogorov time z,, see Table 2. Igniting particles consume the
oxygen available in their vicinity, and if the oxygen concentration
becomes too low, oxygen needs to be transported from regions in the
flow with an excess of O, for particles to react further. Oxygen is
transported through turbulent and molecular diffusion. The molecular
diffusion is proportional to DOZ, while the turbulent diffusion coeffi-
cient is scale-dependent. We consider the regime ¢ > 1, where, for the
particles to combust, oxygen and particles have to be mixed by the
underlying flow over the scale of the characteristic cluster separation
length up to the domain size. Particles at St = 1 cluster at the edges
of large vortices, resulting in a characteristic separation of clusters
of the order of the integral length scale, # ~ 6.2 mm. At these large
scales, the turbulent transport behaves similarly to molecular diffusion
[41]. Neglecting viscous and particle-induced effects in Eq. (2), the
associated turbulent diffusion coefficient is estimated as the time
integral of the velocity correlation along Lagrangian tracer trajectories,
Duyyp = /,:;[)(ui(i(to),to)u,.(;(t), n)dt [41-43] with 1, = t1g¢ gn. This
yields Dy, =~ 0.01 m? s7! in our simulations, much higher than the
molecular diffusion coefficient Dy ~ 0.0001 m? s~!. With the integral
length scale £ ~ 6.2 mm and the domain size L ~ 29.3 mm, the time
scales of turbulent oxygen diffusion into particle clusters range from
Tpye = €*/Dyp ~ 3.8 ms to 7 ; = L?/Dyyy, = 86 ms. Therefore, large-
scale oxygen diffusion is slow compared to single-particle combustion
(z)comb < Tps < Tp 1), Which explains the increase in combustion time
observed in Fig. 2 for clustered particles with ¢ > 1 (T4-6). A similar
time-scale analysis can be applied to other setups in which oxygen only
diffuses into clusters from nearby regions, considering the smaller scale
turbulent transport, which will be the subject of future work.
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4.2. Influence of particle cloud combustion on clustering

So far we have investigated the influence of clustering on iron par-
ticle combustion, now we look into the effect in the opposite direction.
The first three subplots in Fig. 6 show the temporal evolution of the
Voronoi size distribution for the turbulent cases at ¢ = 0.1, 0.5 and 1.
The left tail of the PDF, related to particle clusters, always increases in
the first few ms after ignition.

To separate the influence of the turbulent fluid motion on clustering
from the effect of combustion, we use the particle positions of case (T4)
at t="tygy jgn aS clustered initial positions, but initially set the fluid and
particle velocity to zero (ﬁ(r:O):Bp(t =0) = 0). The NSE and particle
motion are solved as before, only the fluid forcing f; is turned off for
this additional simulation (C4). The particle-fluid coupling still induces
fluid motion. The initial conditions are otherwise unchanged compared
to (T4).

2D slices of the 3D domain at the time steps ¢ — ¢,y jgn = 0 ms, 3 ms
and 12 ms are shown in Fig. 7. The clusters remain approximately at the
same positions throughout the combustion process because there is no
underlying turbulent flow. Similarly to case (T4), the particles in clusters
ignite first but need more time to fully oxidize, so at 3 ms, only particles
inside groups have Cy, < 1. Comparing the cluster width at the begin-
ning and the width at 12 ms shows that the particle groups contract to
almost single lines, indicating an effect of oxidation on clustering. The
rightmost plot in Fig. 6, showing the PDF of Voronoi volumes, confirms
this clustering enhancement by combustion. The left tail of the PDF,
representative of the particles close together, is even more pronounced
for simulation (C4) than for case (T4) which features an underlying
turbulent flow.

Due to mass and heat transfer, the particles induce fluid motion. The
divergence of the resulting velocity field is shown as the background
color in Fig. 7. At 0 ms, the divergence is preferentially positive near
particle clusters, indicating fluid expansion, while most fluid in the do-
main contracts slightly, with 9,u; < 0 (we use the abbreviation 9; = 9/9x;
for notational simplicity). Later, at 3 ms, the divergence is preferentially
negative, whereas the outside regions are expanding. At 12 ms, the di-
vergence has a similar distribution but lower magnitude. In the following
subsections, we propose two effects connecting the particle clustering to
the divergent fluid motion.

4.2.1. Enhanced clustering through oxygen consumption

Iron particles remain mostly in a solid or liquid phase during com-
bustion, different from hydrocarbon-based fuels such as coal or biomass.
Oxygen from the surroundings reacts to form FeO with a density four
orders of magnitude higher, thus inducing a Stefan flow to the parti-
cle. A single iron particle with mass m,, = ppediozz/6 consumes the
OXygen mass mo, = Sm. We suppose this amount of oxygen is con-
tained in an idealized sphere surrounding the particle with mass mo, =

3 .
ro,Yo,d 0" /6 and diameter

T1(p=0.1) T3 (¢ =0.5) T4(p = 1) e =1, =0)
10~ - ] / N | \ | AN
a) 103 \ 1 \ . \ 4= -t = 00ms
. \ \ \ — t—Htowu,ign = 1.5ms
N 1 b \ t— ti%,ign = 3.0ms \
; ! \ N t — t10%,ign = 6.0 ms \
10-1 10! 10-1 o e T = -
VI[] V-] VI g

Fig. 6. The evolution of Voronoi volumes over time for different cases. The lower end of the PDF increases since the combustion enhances clusters. (C4) is a case
with clustered particle positions from (T4), but an initial gas and particle velocity of zero.
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t — t%,ign = 3.0 ms

7,

t — tooign = 120 ms Cox [-1]

—250 0 250 0
ojui [1/s] oiui [1/s]
Fig. 7. The fluid velocity divergence d,u; = du; /dx; of three slices of the clustered
case (C4) with ¢ = 1 and initially a fluid and particle velocity of u; = u,, = 0.
The clusters collapse, a negative divergence at particle clusters can be seen for
later times after ignition. Additionally, isolines of Yo, are shown.

All the oxygen within a sphere

with diameter do, is consumed

by the iron particle

Fig. 8. Sketch of the minimal gas volume affected by the O, consumption.

Y,
3 ppe ~ O
do, = d. ETZ a13)

as illustrated in Fig. 8. Eq. 13 gives an approximate length scale of
the region influenced by a particle. For the chosen simulation param-
eters, this length becomes d02 ~ 24d,, = 240 um, comparable to the

Kolmogorov scale n = /erg = 310 um, see Table 2. For ¢ = 1 and a
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homogeneous particle distribution, the mean particle distance is approx-
imately equal to doz. But if particles are closer together, the influenced
regions overlap, and neighboring particles will approach each other. In
Fig. 7, the particle size is exaggerated for better visibility and is roughly
half of d02. Hence, wherever particles visually overlap in the figure, the
resulting fluid flow will reduce the inter-particle distance. In regions
with many particles close together at 3 and 12 ms, reacting clusters in-
duce a negative fluid velocity divergence, condensing existing groups.
Isolines of Y02 in Fig. 7 show that for later times, indeed the oxygen
depletion correlates with the negative divergence.

4.2.2. Enhanced clustering through fluid expansion/contraction

The heat exchange between the particle and gas phase triggers an
expansion or contraction of the fluid. Depending on the time scales, par-
ticles may or may not follow this motion. A burning particle releases heat
to its close proximity, generating a hot spot in the domain. Following the
Low-Mach assumption, the fluid expands as fast as the heat transfer oc-
curs since no local pressure gradient builds up. Therefore the time scale
is either the particle combustion time 7, ., Or the temperature response
time of the particles 7, = |AT /(dT /dr)| = cp,pripp/(S/l) = 0.8 ms [26],
both of which can be limiting. With the inertial particle response time
7, = 2r[2,pp /(9u), a Stokes number for the expansion is defined as

S i 1
togp = —————————— =~ 1.
p

max(rp’T, Tp,comb)

(14)

The heat released by the particle is distributed through molecular and
turbulent diffusion, and the clustered regions cool down. The thermal
contraction in the clusters occurs on the time scale of heat transfer in
the fluid to regions without particles, z;-, which is estimated similarly to
Section 4.1 with the turbulent diffusivity Dy,,. Heat transfer occurs over
the length # from clusters to their surroundings, similar to the oxygen
diffusion described above. In our setup, we compute the Stokes number
for thermal contraction using 77 ~ 7 , as

7 1.2 ms
St =_r 221 o~
©n T rp,  38ms

0.3. (15)

Particles with St < 1 have a negligible slip velocity, whereas particles
with St > 1 are mostly uncorrelated with the flow [23]. Since Stexp ~1
and St ., < 1, the particles tend to follow the contracting motion of the
fluid more easily. Even though this Stokes analysis is just a qualitative

(T4) ¢ =1 (CHhp=1 CHhep=1
400 4 400 A
0.25
200 A 200 4
— = 0.20
~ ~
=) 0 ___A 0 4=\ g |
. E 015
T2 —_—
- e
3 i 4
S —200 1 —200 1 & 010
0054
—400 1 —400 1 y
0.00 T
0 5 0 5 0 5

Time t — t10% ign [ms]

Particle in clusters

Particle outside clusters

—— Overall mean

Fig. 9. Fluid divergence d,u; = du;/0x; at particle position, averaged over particles in- and outside clusters (blue/orange) and all particles (black). The expansion

(9;u; > 0) lasts much shorter than the contraction (d;u; < 0), making the clustering more pronounced. The particle slip velocity |u; g;,| = |y,

- u;,| in the right plot

shows small values for late times, indicating that particles closely follow the contractive motion of the flow. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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measure, it can be an additional factor for the enhancement of clustering
during combustion. However, in the turbulent case (T), the slow thermal
contraction is concealed by the turbulent motion, which has a shorter
time scale 7, = 7, and the thermal effects are weaker than the negative
divergence induced by oxygen consumption. This might explain why the
clustering level (left tail of the PDF) in Fig. 6 increases more prominently
for the zero initial velocity case (C4) than for the turbulent case (T4).

Finally, to summarize the effect of the fluid velocity divergence, we
examine the divergence at the particle positions a,.u,.|}p. Fig. 9 shows
the mean and standard deviation for clustered and unclustered particles
over time for the cases (T4) and (C4). Both simulations show a very
similar behavior, so the findings from the stationary case (C4) also apply
to the turbulent one (T4). Particles outside clusters experience a weak
initial contraction and then an expansion, consistent with the slices in
Fig. 7. Clustered particles are subjected to an initial expansion (9;u; > 0),
which only lasts for < 1 ms, comparable to 7, = 1.2 ms (Stexp ~ 1).
Instead, the fluid contraction reaches higher absolute values and has a
longer duration (St.,, < 1). This ultimately leads to the contraction of
existing clusters. The right subplot in Fig. 9 shows the magnitude of the
particle slip lugiipl = lu; — u,,;]. At times ¢ > 4 ms we see very small slip
velocities compared to earlier times, indicating that the particles follow
the contractive motion of the gas more closely than the brief expansion
around 7 = 0 ms.

5. Conclusion

Using Carrier-Phase Direct Numerical Simulations, we investigated
igniting and combusting iron particle clouds in homogeneous isotropic
turbulence at unity particle Stokes number for a wide range of equiv-
alence ratios. We showed that particle clustering increases the overall
combustion time, most pronounced for an equivalence ratio of 1,
where it is raised by a factor of 10 compared to a stationary sim-
ulation with a homogeneous particle distribution. The rate-limiting
factor was found to be the oxygen diffusion into particle clusters,
where a lack of oxygen is present. The diffusion time scale based
on the spacing between clusters is large compared to the fast parti-
cle combustion time for a single particle. Moreover, the combustion
condenses already existing clusters. The oxygen consumption by the
non-volatile iron particles causes a Stefan flow towards individual par-
ticles, which results in a net flow into particle groups with a lack of
oxygen, contracting the clusters further due to the negative divergence
du; /ox; < 0.

For practical applications, our results show the importance of main-
taining homogeneity in particle-air mixtures. If the particle number
density is locally higher, either due to turbulent clustering or inhomo-
geneous particle seeding, particles will take a longer time to burn out
completely. The collapsing of clusters increases the otherwise very small
probability of particle collisions, which are not captured by our sim-
ulation. This is a possible next step for investigation, since it might
be disadvantageous for the application of the redox cycle, if molten
iron-oxide particles collide and form larger particles.
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