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a b s t r a c t 

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 β (ratio between standard deviation and average particle size), not just the average 

particle size itself. For a constant β 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/ ) 
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. Introduction 

Alternative fuels with no or fewer carbon dioxide emissions are 

urrently being explored to reduce our dependency on fossil fuels. 

ne of the promising alternative fuels is iron, especially iron with 

article sizes in the order of microns. Iron has a high energy den- 

ity and a low specific volume compared to fossil fuels. Also, burn- 

ng iron does not produce carbon dioxide and the burned product 

an be captured and recycled using renewable sources [1] . 

Iron particle size, concentration, and morphology influence 

ame propagation and flame structure. Most of the conclusions 

bout the flame speed of iron aerosols were reported as a func- 

ion of average particle sizes [2–5] and hence cannot be compared 

irectly with other experimental and theoretical results. In reality, 

ach particle sample has its own particle size distribution (PSD) 

nd standard deviation which can result in different flame speeds 
∗ Corresponding author. 
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nd flame structures even if the average particle size was kept the 

ame. 

To understand the effect of different reaction times of two dif- 

erent fuels and different sizes of the same fuel, the combustion of 

 binary suspension of two mono-size powders was investigated 

y Goroshin et al. [3] with the assumption of constant ignition 

emperature in the binary mixture for two different particle sizes 

nd fuels. They postulated that various flame front configurations 

an be observed in the binary dispersed mixture. A similar analy- 

is was performed by Palecka et al. [5] in binary fuel mixtures and 

ypothesized similar results by Goroshin et al. [3] . 

In the work of Hazenberg and van Oijen [6] a numerical model 

or the propagation of iron flames is developed, using this model 

hey showed that the maximum flame speed is expected to be at 

ean conditions for mono-dispersed iron aerosols. More recently, 

his work was extended by Aravind et al. [7] to simulate binary 

uspensions. Again, the observations of Goroshin et al. [3] were 

onfirmed; different flame fronts can occur depending on the par- 

icle size ratio. But it was also found that the fuel equivalence ra- 
Institute. This is an open access article under the CC BY license 
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Fig. 1. Time taken to reach maximum temperature for different particle sizes (blue 

line for X O 2 
= 0 . 21 and red line for X O 2 

= 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.) 
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io at which maximum flame speed occurs shifted from lean con- 

itions towards rich conditions as the difference in particle sizes 

ncreased. In this work, we are going to extend this study and per- 

orm a detailed analysis of the impact of particle size distributions 

n flame propagation to be able to evaluate the influence of differ- 

nt PSDs on flame structure and speed. 

Section 2 explains the particle and gas-phase modeling along 

ith its validation. Section 2 also shows the calculation of the 

ffect of discrete particle sizes for the PSD. Section 3 shows 

he effect of the number of bins, and Section 4 explains the 

ffect of standard deviation on the flame speed and structure. 

ection 5 shows the investigation of the effect of the small and 

ig particles in the PSD respectively. 

. Methodology 

A brief description of the particle and gas-phase modeling is 

resented here considering a heterogeneous combustion mode. For 

 detailed model please refer to Hazenberg et al. [6] and Aravind 

t al. [7] . 

.1. Particle and gas-phase modeling 

The reaction mechanism is assumed to be governed by a single- 

tep reaction where the iron is converted to FeO : 

e + 

1 

2 

O 2 −→ FeO (1) 

nd the mass-based stoichiometric ratio ( s ) is given by 

 = 

1 
2 

M O 2 

M Fe 

= 0 . 2865 (2) 

here M O 2 
and M Fe are the molecular weight of oxygen and iron 

espectively. In previous studies [6,7] , either one or two differ- 

nt particle sizes were tracked but here multiple particle sizes are 

racked using the Lagrangian approach. Drag forces are calculated 

o find the time response of the particle velocity in relation to the 

as flow. As the kinetic reaction is assumed to occur on the particle 

urface, and the oxide remains in a condensed phase, the volume 

f the particle increases and the particle volume is computed con- 

idering both the density of iron and iron oxide. With the assump- 

ion of a spherical particle, the diameter of the particle is com- 

uted from the volume of the particle. Using a mixture-averaged 

iffusion coefficient, the diffusion flux of oxygen to the particle’s 

urface can be computed. Vapor-phase combustion of iron parti- 

les might occur at relatively large particle temperature [8] but the 

ffect on the flame speed is marginal and hence excluded in our 

odel. The oxidation process after the initial formation of FeO to 

e 2 O 3 and Fe 3 O 4 is slow and does not play an important role in 

he flame propagation and is also neglected. 

A quasi-steady state between oxygen diffusion and the surface 

eaction rate is assumed to find the oxidizer concentration at the 

article surface, which yields the surface reaction rate [9] . Both ki- 

etic rates and diffusion rates are included in our model and the 

ransition from kinetically controlled to diffusion-controlled com- 

ustion is handled by our model. The kinetic rate parameters are 

alibrated to have a particle ignition temperature as predicted by 

reiter et al. [10] . 

For the gas phase, mass, species conservation, and energy equa- 

ions are considered. Only the exchange of oxygen has to be 

onsidered for the species conservation equation as oxygen is con- 

umed by the iron particles. The system of equations is imple- 

ented in the finite-volume 1D flame solver CHEM1D [11,12] . The 

oupling between the particle modeling and the gas phase model- 

ng follows a similar methodology as in Sacomano Filho et al. [12] . 
2 
.2. Validation of the particle model 

While the particle model was validated against experiments 

erformed by Ning et al. [8] in our previous study [7] , we present

ere an update with modified initial conditions. Instead of an 

nitial particle temperature of T p = 1700 K we use T p = 1100 K . 

igure 1 (left) shows the time taken by the particle to reach max- 

mum temperature ( t b, max ) at a gas temperature of T g = 300 K and 

nitial particle temperature of T p = 1100 K in air for two different 

xygen concentrations in air ( X O 2 = 0 . 21 and X O 2 = 0 . 31 ). The t b, max 

s calculated from when the temperature of the particle reaches 

 p = 1500 K to a maximum temperature, similar to the method fol- 

owed in other studies [13,14] . The t b,max computed using our nu- 

erical model is in line with the experimental results for both 

xygen concentrations and various particle sizes and this serves as 

 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- 

en concentrations of 21% or lower. The maximum temperature 

f a particle computed using our model for d p , avg = 26 μm and 

 p , avg = 50 μm are 2180 K and 2210 K at the oxygen concentration 

f 21% respectively. These predicted values are very close to the 

xperimentally obtained maximum particle temperatures of 2150 K 

rom Ning et al. [8] for the same particle sizes and oxygen con- 

entration. Experimentally obtained maximum particle tempera- 

ure values are within ±150 K for different particle sizes which in- 

icates that the maximum temperature particle hardly depends on 

article size for these conditions. When considering particles burn- 

ng in lower oxygen concentrations, as it is the case in iron flames, 

he maximum particle temperature is almost constant for different 

article sizes [8] . 

In previous work [14] , it was found that the temperature of a 

ingle iron particle burning in air can become as high as 2500 K, 

esulting in a small fraction of Fe vaporization. At an oxygen con- 

entration of 21%, the corresponding fraction of iron that evapo- 

ates was found to be the order of one percent, and this fraction 

ecreased with decreasing oxygen level. In the flames investigated 

ere, the particles burn in an environment with relatively low 

xygen concentration, and their temperatures remain low enough 

o prevent significant evaporation of iron. Therefore, we have as- 

umed that the particle conversion rate and hence the flame speed 

re mostly dominated by heterogeneous combustion of iron parti- 

les. 
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Fig. 2. Normal particle distribution represented by 4 bins (left) and 16 bins (right) for d p,avg = 45 μm with σ = 15 μm. 

Table 1 

Discrete particle diameters and their distribution functions for distribution with 

d p , avg = 45 μm and σ = 15 μm and n d = 4 . 

i d p , i (μm) y i f i (μm 

−1 ) 

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 
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Fig. 3. Flame speed for different number of bins ( n d ) against equivalence ratio for 

d p = 45 μm with σ = 15 μm. 
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.3. Discrete particle sizes to represent PSD 

The particle size distribution of a certain powder can be charac- 

erized by the cumulative mass distribution function F (d p ) , which 

ives the mass fraction of particles with a diameter smaller than 

r equal to d p . In order to use this continuous distribution func- 

ion in CHEM1D, it needs to be represented by a discrete number 

 d of particle diameters d p ,i with i = 1 , . . . , n d . The mass fraction y i 
f each discrete particle size is then determined by computing the 

ass fraction of all particles in the range from d p ,i −1 / 2 to d p ,i +1 / 2 : 

 i = F (d p ,i +1 / 2 ) − F (d p ,i −1 / 2 ) (3) 

here d p ,i +1 / 2 = 

1 
2 (d p ,i + d p ,i +1 ) , the arithmetic mean of two 

eighbouring diameters. The extreme boundaries for the first and 

ast range are d p , 1 / 2 = 0 and d p ,n d +1 / 2 = ∞ , respectively, such that

ll particle sizes are included. 

In this study, we consider particle size distributions that have a 

ormal distribution. Their cumulative distribution function is given 

y the error function 

 (d p ) = erf 

(
d p − d p , avg √ 

2 σ

)
(4) 

ith d p , avg the mean and σ the standard deviation. Since negative 

article diameters are not physical, the part with d p < 0 is ignored 

nd the distribution function is re-normalized 

 

′ (d p ) = 

F − F (0) 

1 − F (0) 
(5) 

uch that F ′ (0) = 0 . From here on the prime will be dropped and

he re-normalized distribution function will be simply denoted by 

 . 

These continuous normal distributions will be represented by 

iscrete particle sizes d p ,i that are equally spaced between d p , 1 / 2 = 

 p , avg − 3 σ and d p ,n p +1 / 2 = d p , avg + 3 σ . The minimum diameter 

hould of course be larger than zero and is limited in this study 

o 1 μm. The distribution function f of the discrete set of particle 
i 

3 
izes is calculated as, 

f i = 

y i 
d p ,i +1 / 2 − d p ,i −1 / 2 

(6) 

s an example, Fig. 2 shows the continuous and discrete distribu- 

ion functions with d p , avg = 45 μm and σ = 15 μm for n d = 4 and

 d = 16 . The discrete particle diameters and their mass fractions 

 y i ) and distribution function ( f i ) are listed in Table 1 for n d = 4 . In

ig. 2 the chosen discrete particle sizes are highlighted (diamond 

ymbol) on the normal distribution curve and shown as a bin with 

onstant width for visualization. 

. Effect of number of bins 

A particle size distribution represented with a very large num- 

er of discrete particle sizes (bins) needs more computational time. 

lso, choosing a very low number of bins may not represent the 

riginal PSD well. Hence, finding the number of bins required to 

ompletely capture the PSD behavior is crucial, which means that 

hen the number of bins changes, the results should not change 

ignificantly. 

Figure 3 shows the flame speed ( S L ) as a function of φ with

 different number of bins for d p,avg = 45 μm with σ = 15 μm. 

or lean conditions ( φ = 0 . 4 to 0 . 7 ), the number of bins hardly

ffects the flame speed. The number of bins starts to affect the 

ame speed when φ > 0 . 7 with slightly higher S L for lower n d .

igure 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 d p,avg = 45 μm and σ = 15 μm for 4 bins (left) and 16 bins (right) at φ = 1 . 2 . The colored profiles 

represent each particle size from 1 to n d . 

Fig. 5. Burned mass fraction profile for d p,avg = 45 μm and σ = 15 μm for 4 bins (left) and 16 bins (right) at φ = 1 . 2 . The colored profiles represent each particle size from 

1 to n d while the black line represents the mass-weighted average of all particle sizes. 
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article sizes in the PSD for 4 bins (left) and for 16 bins (right)

t φ = 1 . 2 along with the amount of oxygen concentration. Notice 

hat the amount of oxygen concentration available when the par- 

icle starts to burn is less than Y O6 2 
= 0 . 14 because of oxygen dif-

usion. The corresponding burned mass fraction ( Y p = m p , FeO /m p ) 

s shown in Fig. 5 . When there are 4 different particle sizes, 2

ut of 4 of the particle sizes reach the equilibrium gas tem- 

erature and burn completely (converted into iron oxide) within 

he computational domain, and when the number of bins is in- 

reased to n d = 16 , 8 out of 16 particle sizes reach the equilib-

ium temperature and burn completely for φ = 1 . 2 . Hence, half 

f the particle sizes (from d p , 1 to d p ,n d / 2 ) reaches thermal equi- 

ibrium and burns completely in the domain. Also, the averaged 

ass fraction of iron oxide ( Y p , avg ) calculated from each of the dis-

rete particle sizes, Y p,avg = 

∑ n d 
1 

y i Y p ,i is approximately the same 

 Fig. 5 ) for these two cases. But when looking at the actual par-

icle sizes, i.e. when considering n d = 4 , the particle sizes that 

re completely burned are d p , 1 = 11 . 25 μm and d p , 2 = 33 . 75 μm 

nd for n d = 16 , the particle sizes range from d p , 1 = 1 . 14 μm and

 p ,n d / 2 
= d p , 8 = 42 . 19 μm, a very clear difference emerges. When 

he number of bins are lower (say n d = 4 ) then the particle sizes

critical particle sizes and concentration) that influence the flame 

peed are 30% smaller than the average particle size but when the 

ins are increased (say n d = 16 ) then the particle sizes that influ-

nce the flame speed are 10% smaller than the average particle 

ize. 

When the particle size ratio d p ,i /d p ,i +1 > 0 . 3 then separated 

ame fronts prevail provided that there is a sufficient concentra- 

ion of particles for flame propagation. When the particle size ra- 
4 
io d p ,i /d p ,i +1 � 0 . 3 , then overlapping flame fronts emerge. When

 separated flame front exists, the flame speed is dominated by 

he burning of small particles in this flame front and the big par- 

icles merely burn in the post-flame region and take away heat 

rom the flame. In the case of overlapping flame fronts, the flame 

peed is a combination of both small and big particles [7] . Hence, 

onsidering n d = 4 , the flame fronts are separated which is visible 

n Fig. 5 (left) as Y p,avg shows a piece-wise behavior with sudden 

hanges and for n d = 16 , the flame fronts are overlapping consider- 

ng the smoother average profile of Y p,avg in Fig. 5 (right). To con- 

lude, because the particle sizes that are completely burned are 

maller for n d = 4 compared to n d = 16 , the flame speed is slightly

igher for PSD with n d = 4 . 

Figure 6 shows the flame speed ratio between poly- and mono- 

ispersions ( S ∗
L 

= S L /S L, mono ) against the number of bins for dif- 

erent dimensionless standard deviation β = σ/d p,avg values and 

quivalence ratios. It is clear from Fig. 6 that S ∗L does not change 

uch when the number of bins is increased. From a large num- 

er of simulations, it is found that the minimum number of bins 

equired is n d ≈ 12 to have a difference in the flame speed of less 

han 2%. As σ increases, so does the difference in the size of the 

mallest and biggest particles in the distribution. The smallest par- 

icles burn faster and in doing this they increase the flame speed; 

his results in big particles not burning completely in the domain. 

ence, increasing the number of bins to capture the burning char- 

cteristics of the biggest particles is not necessary and will not 

ave a significant influence on flame speed. The effect of particle 

ize ratio on the flame speed of binary dispersions was detailed in 

ur previous work [7] . 
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Fig. 6. S ∗L = S L /S L ,mono against number of bins at different β and φ. 
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. Effect of standard deviation 

Both broad PSD [15] and narrow PSD [16,17] were used in the 

xperimental studies of iron combustion. Different experimental 

easurements were performed using different metal powders and 

ach powder has a particle size distribution associated with it. Let 

s evaluate what happens when the standard deviation is varied 

or constant average particle size. Figure 7 shows the flame speed 

or the d p , avg = 45 μm (left) and d p , avg = 20 μm (right) at various σ
ompared against the mono-dispersed case as a function of equiv- 

lence ratio. 

Let us first consider a broad distribution which includes very 

mall (3.75 μm) as well as big particle sizes (86 μm) compared 

o the average particle size d p , avg = 45 μm (and σ = 15 μm). Com- 

aring d p , avg = 45 μm with σ = 15 μm against the mono-dispersed 

ase from Fig. 7 (left), for φ < 0 . 6 , the maximum difference in the

ame speed is approximately 5%. At low equivalence ratios (say 

< 0 . 6 ), almost all the particles in the poly-dispersed mixture are

eeded to have a self-sustainable flame front as the mass density 

f the smallest particle size ( d p , 1 ) in the mixture is too low to have

 stable flame front on its own. This is supported by Fig. 8 (left),

hich shows the temperature evolution of each discrete particle 

ize at φ = 0 . 5 . Notice that all discrete particle sizes reach ther-

al equilibrium. Figure 9 (left) shows the burned mass fraction for 

ach discrete particle size at φ = 0 . 5 and all the particles are com-

letely burned. 

As φ increases (say φ = 0 . 8 ) so does the mass density of small

articles (as well as the total mixture density), which results in an 

ncreased flame speed as can be observed in Fig. 7 . Figure 8 (right)

hows the temperature evolution of each discrete particle size at 

= 1 . 0 . Figure 9 (right) shows the burned mass fraction for each

iscrete particle size at φ = 1 . 0 . As φ increases, there is a possi-

ility that a fraction of the particles may not burn completely be- 

ause they oxidize in the post-flame region and therefore they do 

ot contribute to the flame speed. 

An interesting observation in Fig. 8 , is that the temperature 

f particles of different sizes is different in lean conditions but 

ooks similar in rich conditions. In lean conditions, considering 

ig. 8 (left), the peak temperatures of small particles are lower 

han big particles, as small particles heat up faster and burn when 

he surrounding gas temperature is relatively low. The tempera- 

ure of the particle depends on heat production and heat loss rates. 

mall particles lose more heat than big particles as the surround- 

ng gas temperature is lower when small particles are burning. In 

ich conditions, small particles take away the oxygen, and big par- 

icles are merely heated up to the gas temperature as the reac- 
5 
ion rate is limited by kinetics [6] . As the particle temperatures in 

ich conditions are limited by the kinetics, we observe similar peak 

emperatures for all particle sizes in Fig. 8 (right) which is also ex- 

lained in detail in previous studies [6,7] . In our model, peak par- 

icle temperatures are not limited by the thermal decomposition 

f iron oxide, which only happens at a much higher temperature 

around 3700 K). 

Comparing the flame structure of the mono-dispersed and poly- 

ispersed case, the increase in the gas temperature is more gradual 

n the poly-dispersed case as d p , 1 (smallest particle size in the PSD) 

urns first and then d p , 2 (next smallest particle size) starts to burn. 

f the size difference between d p , 1 and d p , 2 is very small (say d p , 2 <

 . 3 d p , 1 ) both of them burn together (overlapping flame fronts) [7] ,

therwise they burn as a separated flame front. In Fig. 9 , it can be

een that some of the big particle sizes start to burn after some 

f the small particle sizes are completely burned because the big 

articles need more time to heat up; this shows the different burn- 

ng time scales when using a PSD. These different heating and 

urning time scales are responsible for the shift in φS L,max 
as σ

hanges. In the mono-dispersed case, φS L,max 
≈ 0 . 7 and in the poly- 

ispersion the maximum flame speed occurs at φs,max ≈ 0 . 9 (for 

 p,avg = 45 μm and σ = 15 μm). The value of φS L,max 
in the poly- 

ispersed case is determined by the enhancement of the flame 

peed by the small particles and the heat taken away by the big 

articles. As small particles heat up and burn faster than big par- 

icles, the flame speed is largely controlled by the small particles 

f there is a sufficient amount of small particles to compensate for 

he heat loss to the big particles in the mixture. This is a signif- 

cant finding as this shows the vulnerability of experimental re- 

ults using different σ but the same d p,avg . Consistent flame speed 

valuation using an experimental setup may not be possible unless 

he PSD is known or kept relatively constant. This can explain why 

ome experimental results show that the φS L,max 
occurs at rich con- 

itions [18] and in some other experiments φS L,max 
occurs at stoi- 

hiometric or even lean conditions [19] . 

Figure 10 shows the normalized flame speed S L /S L,max (left) and 

he flame speed ratio S ∗L (right) against equivalence ratio for two 

ifferent cases ( d p,avg = 50 μm and σ = 15 μm and d p,avg = 20 μm 

nd σ = 6 μm) with the same β = 0 . 3 . Even though the average

article size and standard deviations are different, the normalized 

ame speed results match each other as β is kept constant. Simi- 

arly, S ∗
L 

closely matches two different PSDs with the same β . The 

ame speed ratio ( S ∗
L 
) between the PSD and mono-dispersion re- 

ains approximately the same for a particular β at a given equiv- 

lence ratio. For a constant β , S ∗
L 

increases as φ increases. Consid- 

ring small values of beta ( β < 0 . 1 ), from Fig. 7 , the flame speed

atio S ∗L is less than 3%, hence can be treated as a mono-dispersed 

erosol. 

.1. Effect of small particles in the PSD 

To understand the contribution of the small particles in the 

SD, the smallest particles ( d p, 1 ) in the PSD are removed, and then 

he discrete averaged particle sizes (bins) are generated with d p, min 

f the next smallest particle size maintaining the mean particle 

ize and standard deviation. Figure 11 shows the chosen discrete 

article sizes and corresponding frequencies with d p, 1 = 3 . 75 μm 

left) and d p, 1 = 17 . 25 μm (right) for d p, avg = 45 μm with σ = 

5 μm and the smallest particle sizes in each of these cases are 

ighlighted. 

To investigate the effect of the small particles in the PSD, let us 

ook closely at the temperature of the gas and particles of differ- 

nt sizes considering two different PSDs but the same d p, avg and 

. Figure 12 shows the temperature of gas and particle of differ- 

nt sizes for d p, avg = 45 μm with σ = 15 μm with d p, min = 3 . 75 μm 

left) and d p, min = 25 . 97 μm (right) at φ = 0 . 5 . At low equivalence
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Fig. 7. Flame speed for different σ for d p = 45 μm (left) and d p = 20 μm (right) as a function of equivalence ratio compared against averaged mono-dispersed case; symbols 

represents the corresponding φS L,max 
. 

Fig. 8. Temperature of the gas and particles of different diameter for d p,avg = 45 μm and σ = 15 μm for φ = 0 . 5 (left) and φ = 1 . 0 (right). The colored profiles represent each 

particle size from 1 to n d . 

Fig. 9. Burned mass fraction profile for d p,avg = 45 μm and σ = 15 μm for φ = 0 . 5 (left) and φ = 1 . 0 (right). Same legend as Fig. 8 . 
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atios, all the particles have to burn as a whole to sustain a stable

ame front. Figure 13 shows the flame structure for d p, avg = 45 μm 

ith σ = 15 μm with d p, min = 3 . 75 μm (left) and d p, min = 25 . 97 μm 

right) at φ = 1 . 0 . At high equivalence ratios, not all particle sizes

xidize completely in the computational domain ( Y p = 1 ) as the 

eating time scales of the small particles are shorter than the 

ig particles. Therefore, the small particles ignite earlier, and the 

argest particles burn in a region with a rather low oxygen con- 

entration. Eventually, the big particles will oxidize completely be- 
6 
ause there is sufficient oxygen. It will take a lot of time though 

nd it will happen far downstream. Looking closely at Fig. 13 , only 

alf of the particle sizes have reached thermal equilibrium with 

heir gas-phase surrounding while others are still burning. This 

s clearly visible in Fig. 14 , which shows the burned mass frac- 

ion of each particle size for d p, avg = 45 μm with σ = 15 μm with 

 p, min = 3 . 75 μm (left) and the comparison of the average mass 

raction profiles between d p, min = 3 . 75 μm and d p, min = 25 . 97 μm 

right) at φ = 1 . 0 . When considering d p, min = 3 . 75 μm, the first
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Fig. 10. Normalized flame speed S L /S L,max (left) and S ∗L = S L /S L,mono (right) for different d p,avg and σ but same β = 0 . 3 against equivalence ratio. 

Fig. 11. PSD with d p , 1 = 3 . 75 μm (left) and PSD with d p,1 = 17 . 25 μm (right) for d p,avg = 45 μm and σ = 15 μm. 

Fig. 12. Temperature of the gas and particles for d p , avg = 45 μm and σ = 15 μm with smallest particle size in the PSD d p, min = 3 . 75 μm (left) and d p, min = 25 . 97 μm (right) 

at φ = 0 . 5 . Same legend as Fig. 8 . 
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ight particle sizes are completely burned in the computational do- 

ain (x = 2 cm ), and when considering d p, min = 17 . 25 μm, the first 

ix particles sizes are completely burned but Y p,avg is the same. 

Figure 15 (left) shows the flame speed for different d p , 1 as a 

unction of equivalence ratio and the flame speed of the mono- 

ispersed case is added for comparison. One might expect that 

hanging the smallest particle size in the PSD can result in a large 

hange in the flame speed. However, the density of the smallest 

articles ( d p , 1 = 3 . 75 μm) in the dispersion is very low (about 0 . 4%

ass-based) which is not sufficient to increase the gas tempera- 

ure to the required temperature for the next particle size ( d p , 2 ) to

gnite. Hence, a sufficient amount of small particles is required to 
7 
ncrease the gas temperature, thereby igniting the small particles 

nd sustaining a flame front. 

When d p , min was changed from the reference value of 3.75 μm 

o 14.09 μm, the flame speed of the PSD only changed marginally. 

his implies, that the contribution of the small particles ranging 

rom 3.75 μm to 14.09 μm is negligible at all equivalence ratios. 

ut, when d p , min is changed to 20.28 μm (blue dotted line), the 

ame speed is lowered and there is a shift in the equivalence ratio 

t which the maximum flame speed occurs. The flame speed with 

 p , 1 = 20 . 28 μm starts to deviate more significantly compared to 

he reference value for φ > 0 . 8 . This is because, at a low equiv-

lence ratio, the flame speed is dominated by the particle sizes 
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Fig. 13. Temperature of the gas and particles of different diameter for d p, avg = 45 μm and σ = 15 μm for d p , min = 3 . 75 μm (left) and d p , min = 25 . 97 μm (right) at φ = 1 . 0 . 

Same legend as Fig. 8 . 

Fig. 14. Burned mass fraction profiles for d p, avg = 45 μm and σ = 15 μm for d p , min = 3 . 75 μm (left) and comparing the average mass fraction profiles between d p , min = 3 . 75 μm 

and d p , min = 25 . 97 μm (right) at φ = 1 . 0 . Same legend as Fig. 8 . 

Fig. 15. Flame speed as a function of equivalence ratio for different minimum (left) and maximum (right) particle sizes in the PSD for d p = 45 μm and σ = 15 μm. 
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hich are closer to the average particle size as the mass fraction 

f d p , 1 is very low (less than 10%) compared to the particle sizes 

ear d p , avg . As d p , 1 is further increased, the flame speed further 

educes compared to the reference case. For d p , avg = 45 μm with 

= 15 μm, removing the particle sizes lower than 23 μm results 

n a maximum variation of about 2.5% in the flame speed com- 

ared to the reference case. If the mass fraction of small parti- 

les ( d p , 1 ) is too low to sustain a flame front then it cannot en-

ance the flame speed significantly. For this particular case, the 
8 
ncrease in the flame speed at φ = 1 . 0 was less than 1% between

 p , 1 = 3 . 75 μm and 20 μm. Hence, the inclusion of a small frac- 

ion of tiny particles in the PSD is unnecessary to predict the flame 

peed. 

When the mass fraction of particles with a diameter smaller 

han critical particle size is sufficient to support flame propagation, 

ll these particles will burn nearly simultaneously in a single reac- 

ion front. As a consequence, it is possible to represent all these 

articles with one particle size. 
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.2. Effect of big particles in the PSD 

Similar to the analysis for the small particles in the previ- 

us section, big particles in the PSD are removed in this sec- 

ion. Figure 15 (right) shows the flame speed variation for differ- 

nt d p , max as a function of equivalence ratio and compared against 

he mono-dispersed case. The removal of the big particle sizes af- 

ects the flame speed marginally because these particle sizes burn 

lowly compared to the other small particle sizes. Therefore, their 

eat release occurs mainly far downstream of the flame front. 

Considering d p = 45 μm and σ = 15 μm, the particle sizes from 

 . 75 μm to 56 . 25 μm at φ = 1 . 0 are completely burned within 

he computational domain but the particle sizes from 63 . 75 μm to 

6 . 25 μm are not. As the small particle sizes dominate the flame 

peed due to the short heating time compared to big particle sizes, 

he big particles would need to heat up in a short time to release

heir heat in the flame front. From all the simulations performed 

or different average particle sizes and standard deviations, it was 

ound that the removal of big particles does not affect the flame 

peed unless the chosen biggest particle size is d p , max � 1 . 25 d p , avg .

his is because the heating time of the big particles is lower than 

he burning time of the small particles when the size of the big 

articles is smaller than the critical particle size. 

. Conclusion 

Detailed numerical investigations were performed to under- 

tand the flame propagation speed and structure of the particle 

ize distribution of iron aerosols. This is a novel study as there 

ere no previous studies to understand the effect of particle size 

istribution on flame propagation in iron aerosols. 

There is a big difference between mono- and poly-dispersed 

ames. The poly-dispersed flames have a higher flame speed than 

ono-dispersed flames of the same average particle size and the 

aximum flame speed of poly-dispersed flames is observed at 

 higher equivalence ratio than mono-dispersed flames. The dif- 

erence in the flame speed ( S ∗
L 
) between the poly- and mono- 

ispersed increases as φ increases. For d p,avg = 45 μm with σ = 

5 μm, the flame speed at φ = 1 . 3 is about 25% higher than the

ono-dispersed case. This happens because the flame front is 

ominated by the burning of small particles and the big particles 

xidize slowly in the post-flame region. Varying the standard de- 

iation from low ( σ = 2 μm) to high ( σ = 15 μm) values for the

ame averaged particle size results in an increase in the flame 

peed and the location at which maximum flame speed occurs 

 φS L,max 
). This is a significant finding which can explain why dif- 

erent experimental measurements reported different equivalence 

atios at which the maximum flame speed occurs. When the stan- 

ard deviation changes from low to high values, the variation in 

eating and burning time scales of the particle sizes increases, re- 

ulting in this behavior. 

To compare different average particle sizes and standard devi- 

tions, a dimensionless standard deviation β = σ/d p,avg was intro- 

uced. For PSDs with different average particle diameters but sim- 

lar dimensionless standard deviation, the increase in flame speed 

ompared to the mono-dispersed case is the same. The increase in 

ame speed gets larger with an increase in the dimensionless stan- 

ard deviation. This implies that the flame speed becomes more 

ensitive to the standard deviation of the PSD for smaller average 

article diameters. For a standard deviation β < 0 . 1 , the maximum 

ifference between mono- and poly-dispersed flame speed is less 

han 3% and hence can be treated as mono-dispersed aerosols. 

A detailed investigation of the influence of the small particles in 

he poly-dispersion shows that when β is high, the density of the 

mallest particles in the discrete PSD is too small to provide suf- 

cient heat to support a propagating flame front. When the mass 
9

raction of particles with a diameter smaller than critical particle 

ize is sufficient to support flame propagation, all these particles 

ill burn nearly simultaneously in a single reaction front. As a con- 

equence, it is possible to represent all these particles with one 

article size. Similarly, for the big particles in the discrete PSD, if 

he heating time of the big particles is lower than the burning time 

f the small particles, which occurs when the size of the big parti- 

les is smaller than the critical particle size, then the big particles 

an affect the flame speed. And the particle sizes above the critical 

article size can be represented with one particle size. Generally, 

he flame front speed in the poly-dispersion is controlled by the 

urning of small particles and the big particles oxidize in the post- 

ame region thus taking the heat away from the flame front. 

The findings of this study are important for the interpretation 

f flame speed measurements of iron aerosols and other hetero- 

eneously burning dispersion. The conclusions of this study are 

lso valid for PSDs with a shape similar to normal distributions. 

o demonstrate this, a comparison of flame speed, flame structure, 

nd burned mass fraction profiles of normal and Weibull distribu- 

ions are added in the supplementary material. 
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