EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Effect of particle size distribution on the laminar flame speed
of iron aerosols

Citation for published version (APA):

Ravi, A., de Goey, P., & van Oijen, J. (2023). Effect of particle size distribution on the laminar flame speed of
iron aerosols. Combustion and Flame, 257(part 2), Article 113053.
https://doi.org/10.1016/j.combustflame.2023.113053

Document license:
cCcBY

DOI:
10.1016/j.combustflame.2023.113053

Document status and date:
Published: 01/11/2023

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 05. Oct. 2023


https://doi.org/10.1016/j.combustflame.2023.113053
https://doi.org/10.1016/j.combustflame.2023.113053
https://research.tue.nl/en/publications/094d8f40-2609-4125-99a7-eb5ce6630adc

Combustion and Flame 257 (2023) 113053

Contents lists available at ScienceDirect = .
Combustion
.and Flame
Combustion and Flame
journal homepage: www.elsevier.com/locate/combustflame @ =
Effect of particle size distribution on the laminar flame speed of iron n

aerosols

Check for
updates

Aravind Ravi*, Philip de Goey, Jeroen van Oijen

Mechanical Engineering, Eindhoven University of Technology, the Netherlands

ARTICLE INFO

Article history:

Received 9 January 2023
Revised 23 August 2023

Accepted 28 August 2023

Keywords:

Metal combustion

Particle size distribution
Heterogeneous combustion
Laminar flame speed

Iron aerosols

ABSTRACT

Iron particles in air burn in heterogeneous combustion mode and the flame speed is very sensitive to
particle size. Previous numerical work on the propagation of flames in iron dust was based on average
particle sizes. However, in practice, experiments are conducted with particle size distributions (PSD). This
makes it challenging to compare different experiments as the samples used in those studies vary (the
average particle size might be similar but not the particle size distribution). It is the aim of the current
work to provide insight into the effect of particle size distribution on flame propagation. This involves
identifying the minimum number of discrete averaged particle sizes (bins) required in the simulations
to capture the burning characteristics of the PSD. Then, flame speed and flame structure for a narrow
and broad distribution are investigated. It is shown that the equivalence ratio at which the maximum
flame speed occurs for certain mean particle sizes varies with the width of the particle size distribution.
The difference in the flame speed between the same average particle size but different standard deviation
varies as a function of § (ratio between standard deviation and average particle size), not just the average
particle size itself. For a constant B at a particular equivalence ratio, the difference in the flame speed
between PSD and mono-dispersed aerosols is approximately the same irrespective of the particle size.
The effects of the smaller and bigger particles in the PSD on the flame speed and flame structure are
also systematically investigated. The findings in this study confirm that the particle width of the PSD
plays a crucial role and that experiments and simulations can not be readily compared if different PSDs

are used.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Alternative fuels with no or fewer carbon dioxide emissions are
currently being explored to reduce our dependency on fossil fuels.
One of the promising alternative fuels is iron, especially iron with
particle sizes in the order of microns. Iron has a high energy den-
sity and a low specific volume compared to fossil fuels. Also, burn-
ing iron does not produce carbon dioxide and the burned product
can be captured and recycled using renewable sources [1].

Iron particle size, concentration, and morphology influence
flame propagation and flame structure. Most of the conclusions
about the flame speed of iron aerosols were reported as a func-
tion of average particle sizes [2-5] and hence cannot be compared
directly with other experimental and theoretical results. In reality,
each particle sample has its own particle size distribution (PSD)
and standard deviation which can result in different flame speeds
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and flame structures even if the average particle size was kept the
same.

To understand the effect of different reaction times of two dif-
ferent fuels and different sizes of the same fuel, the combustion of
a binary suspension of two mono-size powders was investigated
by Goroshin et al. [3] with the assumption of constant ignition
temperature in the binary mixture for two different particle sizes
and fuels. They postulated that various flame front configurations
can be observed in the binary dispersed mixture. A similar analy-
sis was performed by Palecka et al. [5] in binary fuel mixtures and
hypothesized similar results by Goroshin et al. [3].

In the work of Hazenberg and van Oijen [6] a numerical model
for the propagation of iron flames is developed, using this model
they showed that the maximum flame speed is expected to be at
lean conditions for mono-dispersed iron aerosols. More recently,
this work was extended by Aravind et al. [7] to simulate binary
suspensions. Again, the observations of Goroshin et al. [3] were
confirmed; different flame fronts can occur depending on the par-
ticle size ratio. But it was also found that the fuel equivalence ra-
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tio at which maximum flame speed occurs shifted from lean con-
ditions towards rich conditions as the difference in particle sizes
increased. In this work, we are going to extend this study and per-
form a detailed analysis of the impact of particle size distributions
on flame propagation to be able to evaluate the influence of differ-
ent PSDs on flame structure and speed.

Section 2 explains the particle and gas-phase modeling along
with its validation. Section 2 also shows the calculation of the
effect of discrete particle sizes for the PSD. Section 3 shows
the effect of the number of bins, and Section 4 explains the
effect of standard deviation on the flame speed and structure.
Section 5 shows the investigation of the effect of the small and
big particles in the PSD respectively.

2. Methodology

A brief description of the particle and gas-phase modeling is
presented here considering a heterogeneous combustion mode. For
a detailed model please refer to Hazenberg et al. [6] and Aravind
et al. [7].

2.1. Particle and gas-phase modeling

The reaction mechanism is assumed to be governed by a single-
step reaction where the iron is converted to FeO:

1
Fe + 50, — FeO (1)
and the mass-based stoichiometric ratio (s) is given by

1

M

2710,
S= =0.2865 2

M. (2)

where Mo, and Mg are the molecular weight of oxygen and iron
respectively. In previous studies [6,7], either one or two differ-
ent particle sizes were tracked but here multiple particle sizes are
tracked using the Lagrangian approach. Drag forces are calculated
to find the time response of the particle velocity in relation to the
gas flow. As the kinetic reaction is assumed to occur on the particle
surface, and the oxide remains in a condensed phase, the volume
of the particle increases and the particle volume is computed con-
sidering both the density of iron and iron oxide. With the assump-
tion of a spherical particle, the diameter of the particle is com-
puted from the volume of the particle. Using a mixture-averaged
diffusion coefficient, the diffusion flux of oxygen to the particle’s
surface can be computed. Vapor-phase combustion of iron parti-
cles might occur at relatively large particle temperature [8] but the
effect on the flame speed is marginal and hence excluded in our
model. The oxidation process after the initial formation of FeO to
Fe,03 and Fe304 is slow and does not play an important role in
the flame propagation and is also neglected.

A quasi-steady state between oxygen diffusion and the surface
reaction rate is assumed to find the oxidizer concentration at the
particle surface, which yields the surface reaction rate [9]. Both ki-
netic rates and diffusion rates are included in our model and the
transition from kinetically controlled to diffusion-controlled com-
bustion is handled by our model. The kinetic rate parameters are
calibrated to have a particle ignition temperature as predicted by
Breiter et al. [10].

For the gas phase, mass, species conservation, and energy equa-
tions are considered. Only the exchange of oxygen has to be
considered for the species conservation equation as oxygen is con-
sumed by the iron particles. The system of equations is imple-
mented in the finite-volume 1D flame solver CHEM1D [11,12]. The
coupling between the particle modeling and the gas phase model-
ing follows a similar methodology as in Sacomano Filho et al. [12].
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Fig. 1. Time taken to reach maximum temperature for different particle sizes (blue
line for XO2 =0.21 and red line for XO2 = 0.31) compared against experimental re-
sults (symbols) from Ning et al. [8]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

2.2. Validation of the particle model

While the particle model was validated against experiments
performed by Ning et al. [8] in our previous study [7], we present
here an update with modified initial conditions. Instead of an
initial particle temperature of T, =1700K we use T, = 1100K
Figure 1 (left) shows the time taken by the particle to reach max-
imum temperature (f, ) at a gas temperature of T; = 300K and
initial particle temperature of T, = 1100K in air for two different
oxygen concentrations in air (Xo, = 0.21 and Xp, = 0.31). The £}, 4«
is calculated from when the temperature of the particle reaches
T, = 1500K to a maximum temperature, similar to the method fol-
lowed in other studies [13,14]. The t,,,x computed using our nu-
merical model is in line with the experimental results for both
oxygen concentrations and various particle sizes and this serves as
a validation of our current particle model.

The maximum particle temperature reported by Ning et al.
[8] is almost constant for different particle sizes considering oxy-
gen concentrations of 21% or lower. The maximum temperature
of a particle computed using our model for dpavg =26 pm and
dp,avg = 50 pm are 2180K and 2210K at the oxygen concentration
of 21% respectively. These predicted values are very close to the
experimentally obtained maximum particle temperatures of 2150 K
from Ning et al. [8] for the same particle sizes and oxygen con-
centration. Experimentally obtained maximum particle tempera-
ture values are within +150K for different particle sizes which in-
dicates that the maximum temperature particle hardly depends on
particle size for these conditions. When considering particles burn-
ing in lower oxygen concentrations, as it is the case in iron flames,
the maximum particle temperature is almost constant for different
particle sizes [8].

In previous work [14], it was found that the temperature of a
single iron particle burning in air can become as high as 2500 K,
resulting in a small fraction of Fe vaporization. At an oxygen con-
centration of 21%, the corresponding fraction of iron that evapo-
rates was found to be the order of one percent, and this fraction
decreased with decreasing oxygen level. In the flames investigated
here, the particles burn in an environment with relatively low
oxygen concentration, and their temperatures remain low enough
to prevent significant evaporation of iron. Therefore, we have as-
sumed that the particle conversion rate and hence the flame speed
are mostly dominated by heterogeneous combustion of iron parti-
cles.



A. Ravi, Pd. Goey and J].v. Oijen

0.03 i i i i i i

0.025

0.02

- 0.015

0.01

0.005

0 20 40 60 80 100
d, [pm]

- 0.015

Combustion and Flame 257 (2023) 113053

0.03

0.025

0.02

0.01

0.005

0 20 40 60 80 100
d; [pm]

Fig. 2. Normal particle distribution represented by 4 bins (left) and 16 bins (right) for dpayg = 45 pm with o = 15 pm.

Table 1
Discrete particle diameters and their distribution functions for distribution with
dp.avg =45 pm and o = 15 pm and ny = 4.

i dp.i (um) Vi fi (um1)
1 11.25 0.066 0.0029
2 33.75 0.434 0.0193
3 56.25 0.434 0.0193
4 78.75 0.066 0.0029

2.3. Discrete particle sizes to represent PSD

The particle size distribution of a certain powder can be charac-
terized by the cumulative mass distribution function F(dp), which
gives the mass fraction of particles with a diameter smaller than
or equal to dp. In order to use this continuous distribution func-
tion in CHEM1D, it needs to be represented by a discrete number
ngq of particle diameters d,; with i =1, ..., ng. The mass fraction y;
of each discrete particle size is then determined by computing the
mass fraction of all particles in the range from dj; 1, to dp j11/2:

Yi=F(dpit12) —F(dpi12) (3)

where dji.1 = %(dp,i +dpi4q), the arithmetic mean of two
neighbouring diameters. The extreme boundaries for the first and
last range are dp 1, =0 and dwdﬂ/z = oo, respectively, such that
all particle sizes are included.

In this study, we consider particle size distributions that have a
normal distribution. Their cumulative distribution function is given
by the error function

F(dp) = erf(dp :/;;’avg> (4)

with dp, avg the mean and o the standard deviation. Since negative
particle diameters are not physical, the part with dp < 0 is ignored
and the distribution function is re-normalized

F - F(0)

F/(dp) = 1_71;(0)

(5)
such that F/(0) = 0. From here on the prime will be dropped and
the re-normalized distribution function will be simply denoted by
F.

These continuous normal distributions will be represented by
discrete particle sizes d,,; that are equally spaced between dj, 1, =
dpavg —30 and dpy,11/2 = dpavg +30. The minimum diameter
should of course be larger than zero and is limited in this study
to 1 um. The distribution function f; of the discrete set of particle

2.2 T T T T

1'5 1 1 1 1
0.4 0.6 0.8 1 1.2 1.4

Fig. 3. Flame speed for different number of bins (ny) against equivalence ratio for
d, =45 pm with o = 15 pm.

sizes is calculated as,
_ Vi
dp,i+1/2 - dp,i—1/2

(6)

As an example, Fig. 2 shows the continuous and discrete distribu-
tion functions with dp avg =45 pm and o = 15 um for ng = 4 and
nyg = 16. The discrete particle diameters and their mass fractions
(y;) and distribution function (f;) are listed in Table 1 for n; = 4. In
Fig. 2 the chosen discrete particle sizes are highlighted (diamond
symbol) on the normal distribution curve and shown as a bin with
constant width for visualization.

3. Effect of number of bins

A particle size distribution represented with a very large num-
ber of discrete particle sizes (bins) needs more computational time.
Also, choosing a very low number of bins may not represent the
original PSD well. Hence, finding the number of bins required to
completely capture the PSD behavior is crucial, which means that
when the number of bins changes, the results should not change
significantly.

Figure 3 shows the flame speed (S;) as a function of ¢ with
a different number of bins for dpayg =45 pm with o =15 pm.
For lean conditions (¢ = 0.4 to 0.7), the number of bins hardly
affects the flame speed. The number of bins starts to affect the
flame speed when ¢ > 0.7 with slightly higher S; for lower n,.
Figure 4 shows the temperature profiles of the gas and different
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Fig. 4. Temperature of the gas and particles of different diameter for djag =45 pm and o =15 pm for 4 bins (left) and 16 bins (right) at ¢ = 1.2. The colored profiles

represent each particle size from 1 to ng.
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Fig. 5. Burned mass fraction profile for dp g =45 pm and o = 15 pm for 4 bins (left) and 16 bins (right) at ¢ = 1.2. The colored profiles represent each particle size from

1 to ng while the black line represents the mass-weighted average of all particle sizes.

particle sizes in the PSD for 4 bins (left) and for 16 bins (right)
at ¢ = 1.2 along with the amount of oxygen concentration. Notice
that the amount of oxygen concentration available when the par-
ticle starts to burn is less than Ypg, = 0.14 because of oxygen dif-
fusion. The corresponding burned mass fraction (Y, = m;, reo/mp)
is shown in Fig. 5. When there are 4 different particle sizes, 2
out of 4 of the particle sizes reach the equilibrium gas tem-
perature and burn completely (converted into iron oxide) within
the computational domain, and when the number of bins is in-
creased to ny =16, 8 out of 16 particle sizes reach the equilib-
rium temperature and burn completely for ¢ = 1.2. Hence, half
of the particle sizes (from d,; to dpp,/2) reaches thermal equi-
librium and burns completely in the domain. Also, the averaged
mass fraction of iron oxide (Yp avg) calculated from each of the dis-
crete particle sizes, Ypavg = ZT" yiYpi is approximately the same
(Fig. 5) for these two cases. But when looking at the actual par-
ticle sizes, i.e. when considering n; =4, the particle sizes that
are completely burned are dp; =11.25 pm and dp, = 33.75 um
and for ny = 16, the particle sizes range from dp; = 1.14 pm and
dp.ny2 = dpg =42.19 pm, a very clear difference emerges. When
the number of bins are lower (say n; = 4) then the particle sizes
(critical particle sizes and concentration) that influence the flame
speed are 30% smaller than the average particle size but when the
bins are increased (say n,; = 16) then the particle sizes that influ-
ence the flame speed are 10% smaller than the average particle
size.

When the particle size ratio dp;/d, ;1 > 0.3 then separated
flame fronts prevail provided that there is a sufficient concentra-
tion of particles for flame propagation. When the particle size ra-

tio d;/dp 11 < 0.3, then overlapping flame fronts emerge. When
a separated flame front exists, the flame speed is dominated by
the burning of small particles in this flame front and the big par-
ticles merely burn in the post-flame region and take away heat
from the flame. In the case of overlapping flame fronts, the flame
speed is a combination of both small and big particles [7]. Hence,
considering ny = 4, the flame fronts are separated which is visible
in Fig. 5 (left) as Ypavg shows a piece-wise behavior with sudden
changes and for n; = 16, the flame fronts are overlapping consider-
ing the smoother average profile of Ypavg in Fig. 5 (right). To con-
clude, because the particle sizes that are completely burned are
smaller for ny = 4 compared to ny = 16, the flame speed is slightly
higher for PSD with n; = 4.

Figure 6 shows the flame speed ratio between poly- and mono-
dispersions (S; = S;/S; mono) against the number of bins for dif-
ferent dimensionless standard deviation B = o /dpavg values and
equivalence ratios. It is clear from Fig. 6 that S; does not change
much when the number of bins is increased. From a large num-
ber of simulations, it is found that the minimum number of bins
required is ny ~ 12 to have a difference in the flame speed of less
than 2%. As o increases, so does the difference in the size of the
smallest and biggest particles in the distribution. The smallest par-
ticles burn faster and in doing this they increase the flame speed;
this results in big particles not burning completely in the domain.
Hence, increasing the number of bins to capture the burning char-
acteristics of the biggest particles is not necessary and will not
have a significant influence on flame speed. The effect of particle
size ratio on the flame speed of binary dispersions was detailed in
our previous work [7].
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4. Effect of standard deviation

Both broad PSD [15] and narrow PSD [16,17] were used in the
experimental studies of iron combustion. Different experimental
measurements were performed using different metal powders and
each powder has a particle size distribution associated with it. Let
us evaluate what happens when the standard deviation is varied
for constant average particle size. Figure 7 shows the flame speed
for the dp avg = 45 nm (left) and dp avg = 20 pm (right) at various o
compared against the mono-dispersed case as a function of equiv-
alence ratio.

Let us first consider a broad distribution which includes very
small (3.75 pm) as well as big particle sizes (86 pm) compared
to the average particle size dp avg =45 nm (and o = 15 pm). Com-
paring dp avg = 45 pm with o = 15 pm against the mono-dispersed
case from Fig. 7 (left), for ¢ < 0.6, the maximum difference in the
flame speed is approximately 5%. At low equivalence ratios (say
¢ < 0.6), almost all the particles in the poly-dispersed mixture are
needed to have a self-sustainable flame front as the mass density
of the smallest particle size (dp, ;) in the mixture is too low to have
a stable flame front on its own. This is supported by Fig. 8 (left),
which shows the temperature evolution of each discrete particle
size at ¢ = 0.5. Notice that all discrete particle sizes reach ther-
mal equilibrium. Figure 9 (left) shows the burned mass fraction for
each discrete particle size at ¢ = 0.5 and all the particles are com-
pletely burned.

As ¢ increases (say ¢ = 0.8) so does the mass density of small
particles (as well as the total mixture density), which results in an
increased flame speed as can be observed in Fig. 7. Figure 8 (right)
shows the temperature evolution of each discrete particle size at
¢ = 1.0. Figure 9 (right) shows the burned mass fraction for each
discrete particle size at ¢ = 1.0. As ¢ increases, there is a possi-
bility that a fraction of the particles may not burn completely be-
cause they oxidize in the post-flame region and therefore they do
not contribute to the flame speed.

An interesting observation in Fig. 8, is that the temperature
of particles of different sizes is different in lean conditions but
looks similar in rich conditions. In lean conditions, considering
Fig. 8 (left), the peak temperatures of small particles are lower
than big particles, as small particles heat up faster and burn when
the surrounding gas temperature is relatively low. The tempera-
ture of the particle depends on heat production and heat loss rates.
Small particles lose more heat than big particles as the surround-
ing gas temperature is lower when small particles are burning. In
rich conditions, small particles take away the oxygen, and big par-
ticles are merely heated up to the gas temperature as the reac-
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tion rate is limited by kinetics [6]. As the particle temperatures in
rich conditions are limited by the kinetics, we observe similar peak
temperatures for all particle sizes in Fig. 8 (right) which is also ex-
plained in detail in previous studies [6,7]. In our model, peak par-
ticle temperatures are not limited by the thermal decomposition
of iron oxide, which only happens at a much higher temperature
(around 3700 K).

Comparing the flame structure of the mono-dispersed and poly-
dispersed case, the increase in the gas temperature is more gradual
in the poly-dispersed case as dj, ; (smallest particle size in the PSD)
burns first and then dp > (next smallest particle size) starts to burn.
If the size difference between dp 1 and dp, , is very small (say dp» <
1.3 dp 1) both of them burn together (overlapping flame fronts) 7],
otherwise they burn as a separated flame front. In Fig. 9, it can be
seen that some of the big particle sizes start to burn after some
of the small particle sizes are completely burned because the big
particles need more time to heat up; this shows the different burn-
ing time scales when using a PSD. These different heating and
burning time scales are responsible for the shift in ¢5Lmax as o
changes. In the mono-dispersed case, ¢5Lvmx ~ 0.7 and in the poly-
dispersion the maximum flame speed occurs at ¢smax ~ 0.9 (for
dpavg =45 nm and o =15 um). The value of ¢SL,max in the poly-
dispersed case is determined by the enhancement of the flame
speed by the small particles and the heat taken away by the big
particles. As small particles heat up and burn faster than big par-
ticles, the flame speed is largely controlled by the small particles
if there is a sufficient amount of small particles to compensate for
the heat loss to the big particles in the mixture. This is a signif-
icant finding as this shows the vulnerability of experimental re-
sults using different o but the same dpavg. Consistent flame speed
evaluation using an experimental setup may not be possible unless
the PSD is known or kept relatively constant. This can explain why
some experimental results show that the ¢5Lmax occurs at rich con-
ditions [18] and in some other experiments ¢5Lmax occurs at stoi-
chiometric or even lean conditions [19].

Figure 10 shows the normalized flame speed Sy /S| max (left) and
the flame speed ratio S; (right) against equivalence ratio for two
different cases (dp,avg = 50 pm and o = 15 ym and dpavg = 20 pm
and o =6 pm) with the same S = 0.3. Even though the average
particle size and standard deviations are different, the normalized
flame speed results match each other as g is kept constant. Simi-
larly, S; closely matches two different PSDs with the same §. The
flame speed ratio (S;) between the PSD and mono-dispersion re-
mains approximately the same for a particular 8 at a given equiv-
alence ratio. For a constant §, S; increases as ¢ increases. Consid-
ering small values of beta (8 < 0.1), from Fig. 7, the flame speed
ratio S; is less than 3%, hence can be treated as a mono-dispersed
aerosol.

4.1. Effect of small particles in the PSD

To understand the contribution of the small particles in the
PSD, the smallest particles (dp, 1) in the PSD are removed, and then
the discrete averaged particle sizes (bins) are generated with d;, pp
of the next smallest particle size maintaining the mean particle
size and standard deviation. Figure 11 shows the chosen discrete
particle sizes and corresponding frequencies with d, =3.75 pm
(left) and dpq =17.25 pm (right) for dpavg =45 um with o =
15 pm and the smallest particle sizes in each of these cases are
highlighted.

To investigate the effect of the small particles in the PSD, let us
look closely at the temperature of the gas and particles of differ-
ent sizes considering two different PSDs but the same dj avg and
o. Figure 12 shows the temperature of gas and particle of differ-
ent sizes for dp avg = 45 pm with o = 15 pm with d 1, = 3.75 pm
(left) and d, pin = 25.97 pm (right) at ¢ = 0.5. At low equivalence
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Fig. 7. Flame speed for different o for d, = 45 pm (left) and d, = 20 pm (right) as a function of equivalence ratio compared against averaged mono-dispersed case; symbols
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3000 T T T T 3000
—i=1
2500 | 1 2500 | o
Y " W e A A (PO i=
107 N N N R £ B -
2000 - i 1 2000 f i=5
- iffs — i=6
<. 1500 € 2= 1500 | i=7
= g';“ = i=8
i i=9
1000 1000 | - = =i=10
.......... i=11
500 1 sco0r AL q m=—— i=12
T
9
0 ! ! ! ! 0 I I I I
-0.5 0 0.5 1 1.5 2 -0.5 0 0.5 1 1.5 2
X [cm] x [cm]

Fig. 8. Temperature of the gas and particles of different diameter for djag = 45 pm
particle size from 1 to ny.

and ¢ = 15 um for ¢ = 0.5 (left) and ¢ = 1.0 (right). The colored profiles represent each
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Fig. 9. Burned mass fraction profile for dpayg =45 pm and o = 15 ym for ¢ = 0.5 (left) and ¢ = 1.0 (right). Same legend as Fig. 8.

ratios, all the particles have to burn as a whole to sustain a stable
flame front. Figure 13 shows the flame structure for dp ayg = 45 pm
with o = 15 um with d, i, = 3.75 pm (left) and d;, 1, = 25.97 pm
(right) at ¢ = 1.0. At high equivalence ratios, not all particle sizes
oxidize completely in the computational domain (Y, =1) as the
heating time scales of the small particles are shorter than the
big particles. Therefore, the small particles ignite earlier, and the
largest particles burn in a region with a rather low oxygen con-
centration. Eventually, the big particles will oxidize completely be-

cause there is sufficient oxygen. It will take a lot of time though
and it will happen far downstream. Looking closely at Fig. 13, only
half of the particle sizes have reached thermal equilibrium with
their gas-phase surrounding while others are still burning. This
is clearly visible in Fig. 14, which shows the burned mass frac-
tion of each particle size for dp ayg =45 pm with o = 15 pm with
dp min = 3.75 pm (left) and the comparison of the average mass
fraction profiles between d ip = 3.75 pm and d i, = 25.97 pm
(right) at ¢ =1.0. When considering d;, i, = 3.75 pm, the first
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Fig. 12. Temperature of the gas and particles for dpayg =45 pm and o = 15 pm with smallest particle size in the PSD d, i, = 3.75 pm (left) and d, i = 25.97 um (right)

at ¢ = 0.5. Same legend as Fig. 8.

eight particle sizes are completely burned in the computational do-
main (x = 2cm), and when considering d;, i, = 17.25 pm, the first
six particles sizes are completely burned but Ypaye is the same.
Figure 15 (left) shows the flame speed for different dj; as a
function of equivalence ratio and the flame speed of the mono-
dispersed case is added for comparison. One might expect that
changing the smallest particle size in the PSD can result in a large
change in the flame speed. However, the density of the smallest
particles (dp 1 = 3.75 pm) in the dispersion is very low (about 0.4%
mass-based) which is not sufficient to increase the gas tempera-
ture to the required temperature for the next particle size (dp») to
ignite. Hence, a sufficient amount of small particles is required to

increase the gas temperature, thereby igniting the small particles
and sustaining a flame front.

When dj, i, was changed from the reference value of 3.75 pm
to 14.09 um, the flame speed of the PSD only changed marginally.
This implies, that the contribution of the small particles ranging
from 3.75 pm to 14.09 pm is negligible at all equivalence ratios.
But, when dj, i, is changed to 20.28 pm (blue dotted line), the
flame speed is lowered and there is a shift in the equivalence ratio
at which the maximum flame speed occurs. The flame speed with
dp1 =20.28 pm starts to deviate more significantly compared to
the reference value for ¢ > 0.8. This is because, at a low equiv-
alence ratio, the flame speed is dominated by the particle sizes
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Same legend as Fig. 8.
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Fig. 15. Flame speed as a function of equivalence ratio for different minimum (left) and maximum (right) particle sizes in the PSD for d, =45 ym and o = 15 pm.

which are closer to the average particle size as the mass fraction
of dy, 1 is very low (less than 10%) compared to the particle sizes
near dpavg. As dp 1 is further increased, the flame speed further
reduces compared to the reference case. For dj avg =45 pm with
o =15 pm, removing the particle sizes lower than 23 pm results
in a maximum variation of about 2.5% in the flame speed com-
pared to the reference case. If the mass fraction of small parti-
cles (d, 1) is too low to sustain a flame front then it cannot en-
hance the flame speed significantly. For this particular case, the

increase in the flame speed at ¢ = 1.0 was less than 1% between
dp1=3.75 pm and 20 pm. Hence, the inclusion of a small frac-
tion of tiny particles in the PSD is unnecessary to predict the flame
speed.

When the mass fraction of particles with a diameter smaller
than critical particle size is sufficient to support flame propagation,
all these particles will burn nearly simultaneously in a single reac-
tion front. As a consequence, it is possible to represent all these
particles with one particle size.
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4.2. Effect of big particles in the PSD

Similar to the analysis for the small particles in the previ-
ous section, big particles in the PSD are removed in this sec-
tion. Figure 15 (right) shows the flame speed variation for differ-
ent dp max as a function of equivalence ratio and compared against
the mono-dispersed case. The removal of the big particle sizes af-
fects the flame speed marginally because these particle sizes burn
slowly compared to the other small particle sizes. Therefore, their
heat release occurs mainly far downstream of the flame front.

Considering dp = 45 pm and o = 15 pm, the particle sizes from
3.75 pm to 56.25 pm at ¢ = 1.0 are completely burned within
the computational domain but the particle sizes from 63.75 pm to
86.25 pm are not. As the small particle sizes dominate the flame
speed due to the short heating time compared to big particle sizes,
the big particles would need to heat up in a short time to release
their heat in the flame front. From all the simulations performed
for different average particle sizes and standard deviations, it was
found that the removal of big particles does not affect the flame
speed unless the chosen biggest particle size is dp max < 1.25 dp,avg.
This is because the heating time of the big particles is lower than
the burning time of the small particles when the size of the big
particles is smaller than the critical particle size.

5. Conclusion

Detailed numerical investigations were performed to under-
stand the flame propagation speed and structure of the particle
size distribution of iron aerosols. This is a novel study as there
were no previous studies to understand the effect of particle size
distribution on flame propagation in iron aerosols.

There is a big difference between mono- and poly-dispersed
flames. The poly-dispersed flames have a higher flame speed than
mono-dispersed flames of the same average particle size and the
maximum flame speed of poly-dispersed flames is observed at
a higher equivalence ratio than mono-dispersed flames. The dif-
ference in the flame speed (S;) between the poly- and mono-
dispersed increases as ¢ increases. For dpavg =45 pm with o =
15 pm, the flame speed at ¢ = 1.3 is about 25% higher than the
mono-dispersed case. This happens because the flame front is
dominated by the burning of small particles and the big particles
oxidize slowly in the post-flame region. Varying the standard de-
viation from low (o =2 pm) to high (o =15 pm) values for the
same averaged particle size results in an increase in the flame
speed and the location at which maximum flame speed occurs
(@5, oy )- This is a significant finding which can explain why dif-
ferent experimental measurements reported different equivalence
ratios at which the maximum flame speed occurs. When the stan-
dard deviation changes from low to high values, the variation in
heating and burning time scales of the particle sizes increases, re-
sulting in this behavior.

To compare different average particle sizes and standard devi-
ations, a dimensionless standard deviation 8 = o /dpavg Was intro-
duced. For PSDs with different average particle diameters but sim-
ilar dimensionless standard deviation, the increase in flame speed
compared to the mono-dispersed case is the same. The increase in
flame speed gets larger with an increase in the dimensionless stan-
dard deviation. This implies that the flame speed becomes more
sensitive to the standard deviation of the PSD for smaller average
particle diameters. For a standard deviation 8 < 0.1, the maximum
difference between mono- and poly-dispersed flame speed is less
than 3% and hence can be treated as mono-dispersed aerosols.

A detailed investigation of the influence of the small particles in
the poly-dispersion shows that when g is high, the density of the
smallest particles in the discrete PSD is too small to provide suf-
ficient heat to support a propagating flame front. When the mass
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fraction of particles with a diameter smaller than critical particle
size is sufficient to support flame propagation, all these particles
will burn nearly simultaneously in a single reaction front. As a con-
sequence, it is possible to represent all these particles with one
particle size. Similarly, for the big particles in the discrete PSD, if
the heating time of the big particles is lower than the burning time
of the small particles, which occurs when the size of the big parti-
cles is smaller than the critical particle size, then the big particles
can affect the flame speed. And the particle sizes above the critical
particle size can be represented with one particle size. Generally,
the flame front speed in the poly-dispersion is controlled by the
burning of small particles and the big particles oxidize in the post-
flame region thus taking the heat away from the flame front.

The findings of this study are important for the interpretation
of flame speed measurements of iron aerosols and other hetero-
geneously burning dispersion. The conclusions of this study are
also valid for PSDs with a shape similar to normal distributions.
To demonstrate this, a comparison of flame speed, flame structure,
and burned mass fraction profiles of normal and Weibull distribu-
tions are added in the supplementary material.
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