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Abstract

The propagation of constant-pressure flames through hybrid aluminum-methane-oxidizer

mixtures in transparent latex balloons is investigated using high-speed cameras that record

both the dust dispersal and the subsequent spherical flame propagation processes. For mix-

tures without excess oxygen in the post-methane flame zone, the aluminum acts only as an

inert diluent at low concentrations, resulting in a decline of the flame speed with aluminum

concentration. Past a critical concentration around 100 g/m3, the flame speed stops de-

creasing and remains constant with increasing aluminum concentration, a behavior which

is attributed to the formation of a high-temperature aluminum flame front that thermally

couples to the methane flame. When there is excess oxygen to react with the aluminum, the

flame speed monotonically increases with aluminum concentration before reaching a plateau

at aluminum concentrations above 150 g/m3. The difference in behavior at low concentra-

tions in mixtures with and without excess oxygen is explained by the ability of aluminum

particles reacting with free oxygen to ignite and burn in the diffusion-limited combustion

mode. The igniting particles are able to form high-temperature micro-diffusion flames which

attain high combustion rates even at the relatively low bulk gas temperatures typical for

methane flames.
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Abrégé

La présente thése porte sur l’étude de la propagation isobarique de flammes dans des mélanges

hybrides d’aluminium et de méthane. Les mélanges sont contenus à l’intérieur de ballons

transparents en latex et la dispersion de la poudre, ainsi que les flammes, sont filmées à

l’aide d’une caméra á haute vitesse. Dans les mélanges comburant-carburant sans surplus

d’oxygéne après la flamme de méthane, l’aluminium en faible concentration agit en tant

que diluant, ce qui a pour effet de réduire la vitesse de la flamme de méthane. Au-delá

de 100 g/m3, la célérité de flamme demeure constante avec la concentration d’aluminium.

Une flamme d’aluminium se forme ainsi á haute concentration et échange de la chaleur avec

la flamme de méthane. Lorsqu’il y a un surplus d’oxygène aprés la flamme de méthane,

la célérité de la flamme de méthane augmente avec une augmentation de la concentration

d’aluminium avant d’atteindre un plateau au moment oú la concentration d’aluminium at-

teint 150 g/m3. Cette différence de comportement dans les mélanges avec surplus d’oxygéne

s’explique par la capacité des particules d’aluminiums d’initier la combustion en mode dif-

fusion avec l’oxygène disponible. Une micro-flamme se crée autour de chaque particule et

produit des températures supérieures aux températures de la flamme de méthane.
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1 Metals in reactive systems

Metals have large energy densities [1,2], and the addition of metals to reactive systems often

increases the energy density of the mixture and can lead to an increased energy output of

these systems. For example, metals such as aluminum and magnesium are commonly added

to rocket propellants [3] and explosives [4, 5] where they burn in the products of the initial

explosive in order to increase the specific impulse or blast wave pressure. Metal powders are

also frequently encountered in industrial settings where there may also be volatile liquid or

vapor fuel sources present [6,7]. In the case of an accidental explosion, the metal powder and

combustible gas can mix and together react in the surrounding air. Over the years, most

of the work studying the combustion of these metal powders have focused on determining

when and how the metals burn within these different reactive systems.

Metals are often lumped into the category of combustible dusts, but there is a wide

variety of combustible dusts with different physical characteristics. Coal and organic dusts

contain a significant amount of volatile components which evaporate in the flame pre-heat

zone and mix with the surrounding air, which can lead to a continuous flame sheet in the

reaction zone while the solid char burns heterogenously in a secondary reaction zone [8].

Flames propagating in suspensions of dusts with appreciable volatile material can even be

modeled similarly to gas flames [9]. Plastics have low melting and boiling temperatures

compared to their flame temperatures, leading to significant evaporation in the pre-heat zone

with their combustion resembling that of liquid droplets [10]. Metals, on the other hand,

have much higher boiling temperatures compared to their flame temperatures. Therefore,

even for metals with flame temperatures above their boiling temperature that burn in the

vapor-phase, there is no significant evaporation in the flame pre-heat zone. Furthermore,

metal vapors are extremely reactive with very low activation energies which precludes the

accumulation of unreacted metal vapor in the pre-heat zone [11, 12]. Additionally, plastic

and organic dusts are competing for the same oxidizers as hydrocarbons, and the addition of

these dusts has little effect on the energy content of stoichiometric and fuel-rich hydrocarbon
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mixtures [13]. Metals, on the other hand, can react with the products of hydrocarbon flames

(i.e. steam and carbon dioxide), and the addition of metals to hydrocarbon fuels significantly

increases the energy density of the hybrid fuel mixture. Thus it is necessary to study hybrid

mixtures of metal-hyrdrocarbons separately.

1.1 Fundamental considerations of metal combustion

There are two main processes that control the burning of particles [14, 15]. The first is the

diffusion of oxidizers to the particle surface, and the second is the reaction at the surface

between the particle and the oxidizer. These two successive processes lead to two asymptotic

combustion regimes where the rate-limiting step of the reaction is either the diffusion of

oxidizer to the particle (diffusion-controlled regime) or the kinetic rate of reaction at the

particle surface (kinetically-controlled regime), with each regime having its own distinct

characteristics.

In the diffusion controlled regime, the oxidizers are consumed faster than they can be

transported to the particle, leading to an oxidizer concentration gradient between the particle

surface and the surrounding gas. Similarly, the production of heat from the reactions at the

particle surface is faster than the rate at which it can be transported away, leading to the

particle being at a locally higher temperature than the surrounding gas. In the kinetically-

controlled regime, the rate of transport is sufficiently fast, and there are no gradients of

temperature or species. An illustration high-lighting key features of the diffusion-controlled

and kinetically-controlled regimes are shown below in Fig. 1.

Figure 1: Temperature and oxidizer contration profiles for diffusion-controlled and kientically-controlled
particle combustion.
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When the particle initially begins to react, the particle burns in the kinetically-limited

regime. As the particle starts reacting, energy is released as heat, and if the rate of heat

generation is greater than the rate of heat loss to the surroundings, the particle will transition

from kinetically-limited to the diffusion-limited regime. This transition from kinetically-

limited to diffusion-limited is defined as particle ignition and is analoguous to Semenov

thermal ignition theory [15,16].

1.2 Early work: single particle experiments

In the late 1950s and early 1960s, the interest in metal combustion in the scientific community

increased due to the increased prevalence of metallized propellants and explosives [3, 8]. In

these systems, the metals burn in the hot combustion products of the initial propellant or

explosive where it reacts primarily with water, carbon dioxide, and any oxygen remaining in

the gas. In order to improve performance (combustion efficiency, reduction in slag formation),

more fundamental knowledge on the burning of metal particles was needed.

Glassman [8] was one of the first to work on this problem. He recognized that the

combustion of metal particles would be similar to what had been seen in droplet combustion

and proposed that the combustion is controlled by diffusion of oxidizer to the particle.

In this diffusion-controlled regime, the time it takes for the particle to burn completely,

subsequently referred to as the particle burn time and denoted as τ , depends on the initial

particle diameter, denoted as D, according to the following relationship: τ ∝ D2 [17].

Unlike droplets, however, metals tend to have much higher boiling temperatures com-

pared to their flame temperatures [1], and whether they react in vapor-phase or heteroge-

neously depends on the specific metal. Some metals, such as aluminum [18] and magne-

sium [19], have flame temperatures above their boiling temperatures, which leads to vapor-

phase metal-oxidizer reactions. Other metals, such as iron [20] and zirconium [21], have

flame temperatures below their boiling temperatures, and the reaction takes place between

the gaseous oxidizer and the molten metal on the particle surface. This criteria, known as
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the Glassman criteria, was confirmed by Brzutowski and Glassman [22] while performing

experiments on burning strands of aluminum, magnesium, and zirconium. Aluminum and

Magnesium atomic vapor lines were observed in emission, indicating the existence of metal

vapor in the flame. In the zirconium tests, there was no evidence of metal vapor. Fur-

thermore, aluminum and magnesium emission lines also showed evidence of self-absorption.

This is indicative of two temperatures in the flame, with high temperature emission in one

part of the flame, and low temperature absorption in the other, which suggests that the

metal is burning in the diffusion controlled regime with a lifted vapor diffusion flame. Many

other early efforts also observed lifted vapor-diffusion flames with aluminum and magnesium

particles [23–27].

Most experimental efforts in the early 1960s and 1970s focused on the combustion of

single, isolated particles. Due to their relevance in engineering systems, some of the first

experiments performed were propellant ignited combustion experiments [23,28] where metal

particles were observed burning in the products of an initial low-explosive. An improvement

to this technique is the gas-flame initiation technique [24,25,27,29] where the metal particles

are injected into the hot flow from a gas-burner. Using different gaseous fuels, such as

methane, carbon monoxide, and hydrogen, at various equivalence ratios allowed for more

precise control of the combustion environment [27, 29, 30]. Experiments where the particles

are laser-ignited [26, 28, 31–34] or shock ignited [35–37] led to further improvements. These

techniques allow for complete control over the initial temperature, pressure, and oxidizer

type and concentrations, unlike in the propellant and gas-flame ignited experiments which

require a primary reaction front to provide the conditions necessary to initiate the reaction.

These studies often measured parameters such as ignition temperature [24, 25], ignition

delay time [23,28,29], and the particle burn time [18,23,25,26,29,30]. The particle burn time

was measured as a function of initial particle diameter in several cases. The relationship most

commonly found was τ ∝ D1.8−1.5, which is different from the τ ∝ D2 predicted by Glassman

[8]. The difference is attributed to the metal oxide condensing on the particle surface, which
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limits the surface area available for reaction, whether the reaction be heterogeneous oxidation

of evaporation of the metal.

Due to limitations in experimental and imaging techniques, many of these initial tests

were carried out using particles larger than 50 microns, and the particles were observed burn-

ing in a diffusion-limited regime. In practical situations, smaller particles are desired. Due to

their increased specific surface area, there is promise for increased reaction rates and reduced

slag formation [36]. Some researchers have tried to extrapolate burn times of small particles

using correlations developed from experiments with large particles [18]. This is problematic

as the combustion regime will shift from a diffusion-controlled regime to a kinetically con-

trolled regime as the particle size decreases where the burn time of a particle is theoretically

τ ∝ D [36]. For particles that burn a significant amount of mass in the kinetically-limited

regime, predictions from these correlations dedcucded from exepriments with large particles

may yield erroneous results. Some of the more recent efforts have specifically focused on

smaller particles, investigating the particle mode of combustion, and determining where the

transition from the diffusion to kinetic regime occurs [31, 32,35,36].

Different spectroscopic techniques are typically used to investigate the particle mode of

combustion. Identification of certain species or different temperatures in the system can be

used to determine the mode of combustion. Glumac and his group [35, 36] used emission

spectra and three color pyrometry to identify different temperatures in the flame in order

to determine the transition from diffusion-controlled to kinetically-controlled combustion.

Results show that the regime of combustion depends not only on the size of the particle,

but on the available oxidizers, ambient temperature, and ambient pressure. In the case

when aluminum was found be burning in the kinetically-limited regime, the temperature of

the reaction was at the aluminum boiling temperature, indicating that the limiting kinetic

rate for aluminum combustion is the evaporation of the aluminum vapor from the particle

surface [36].
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1.3 Metals reacting within a suspension

One of the key limitations of single particle experiments is that, in any practical system,

combustion of metal powders in these reactive systems occurs in a dense suspension of parti-

cles. When this occurs, heat generated from the reacting particles diffuses upstream, heating

the unreacted mixture and initiating new reactions, creating a self-propagating reaction wave

that is called a flame. In a suspension of particles, the heat production and oxidizer consump-

tion continuously alters the local combustion environment as the flame propagates through

the mixture. In single particle experiments, the heat produced and oxidizers consumed are

negligible. Consequently, results from single particle experiments may not be representative

of how the particles will react in the dynamic environment of a flame.

Soo et al. [38] and Julien et al. [39] studied hybrid aluminum-methane-air flames on

a Bunsen burner, a model system used to simulate conditions in rocket propellants. They

found that there was a critical concentration below which the aluminum acted only as an inert

additive, and above which an aluminum flame front formed and stabilized to the methane

flame. Julien et al. [20] produced a follow-up piece where he investigated iron-methane-

air flames and also observed the same critical concentration behavior, showing that this

behavior is not specific to a type of metal, but is instead an inherent feature of these hybrid

metal-powder/combustible-gas systems. The results from this work go against the common

assumption that particles must be heated to an ignition temperature in order to react. Many

flame models use parameters such as ignition temperature and particle burn time to predict

how the particles will burn. In the experiment, the addition of metal powder reduces the

methane flame temperature, and models using ignition temperature would predict that the

metal would therefore be less likely to react as the metal fuel concentration in increased. The

results show, however, that the collective effects of particles reacting and releasing heat can

lead to rapid combustion of the suspension compared to the combustion of a single particle

put in the same oxidizing environment.

Palecka et al. [40] also observed the critical concentration behavior found by Soo [38]
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and Julien [39] while studying flames in hybrid aluminum-methane-air mixtures propagating

in tubes. He further analyzed the structure by measuring the quenching behavior of these

hybrid mixtures. The results from this work indicate that there are two different coupling

regimes: one where the aluminum and methane flame zones are separated and one where

the two flame zones are overlapped.

Denkevitz et al. [41] studied hybrid hydrogen-aluminum systems using a constant volume

combustion bomb. He found that, at low concentrations of metal concentration, the explosion

took place in one stage with pressure data similar to the hydrogen case without dust. As the

concentration was increased, the explosion took place in two stages with two distinct pressure

rises. As the concentration was further increased, the two peaks eventually merged with one

steep spike in pressure. While these results seem to suggest the existence of two flame

fronts [41], limited scientific conclusions can be drawn in the combustion bomb apparatus

due to lack of visualization of the dust dispersion and flame propagation processes.

1.4 Present work objectives

While the work performed by Soo et al. [38] and Julien et al. [39] on the Bunsen burner

provide important information about how metal and gaseous fuels can interact, the stabilized

configuration may not represent the full range of behavior that may exist in transient, freely

propagating flames, which are inherent features of explosions. While the work done by

Palecka [40] studying flames in tubes did look at freely-propagating flames, the experiments

were performed with both ends of the tube open, and, in this case, the expansion of the hot

gas behind the flame does not influence the flame propagation. In an outwardly propagating

flame, however, the expansion of the hot gases pushes on the flame, leading to a much faster

rate of propagation. This is particularly important in explosions of systems with different

types of fuels where secondary reactions behind the primary front may increase the amount

of expansion and, thus, the propagation speed.

While the geometry of the combustion bomb experiments allows this effect to be stud-
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ied, the diagnostic methods to investigate the flame in the vessel are limited. Due to the

high pressures generated in the vessel during the experiment, high strength materials are

needed, limiting the visual access. Without this visual access, assessing the dust dispersion

process and the cloud uniformity is difficult. Large gradients in concentration and limited

information about particles depositing to the walls adds to the uncertainty of the measure-

ments. Furthermore, the main diagnostic tool used is the pressure vs time trace, which

only provides information about the flame when it is close to the vessel wall, and, therefore,

any unsteady behavior cannot be detected. Instabilities arising from hydrodynamic effects,

thermodiffusive effects, and acoustic interactions with the vessel wall may cause the flame

to accelerate, and thus the measurements made for the same mixture could yield different

results depending on the size of the vessel used.

In order to overcome the shortcomings of these previous works when assessing the role

of metal addition to hydrocarbon fuel mixtures for outwardly-expanding flames, the present

work uses balloons to contain the dust-combustible gas mixture. This experimental method,

which was recently introduced in previous work [42, 43], allows for spherically propagating

flames in hybrid mixtures to be visually observed at multiple stages during the propaga-

tion. The use of clear latex balloons provides a constant-pressure combustion environment

while also permitting visual access. High-speed cameras are used to record not only the

flame propagation but also the dust-dispersal process, enabling the assessment of the cloud

uniformity at the time of ignition.

The objective of the present work is two-fold. The first is to analyze under what conditions

the metal particles will become reactive in the system, specifically focusing on both the roles

of available oxidizers and metal fuel concentration. The second is to study the different

metal-pwoder/combustible-gas fuel interactions that can occur in freely-propagating flames

where the effect of gas expansion significantly influences the flame propagation compared to

the stabilized flame configurations. This work uses the exact same batch of aluminum powder

that was used previously in the Bunsen flame [38,39] and quenching tube experiments [40],

14



which allows for meaningful comparison between the different geometric configurations.

2 Experimental methods

2.1 Experimental set-up

Experiments are performed in transparent latex balloons measuring approximately 30 cm in

diameter. The balloon is initially inflated with the desired combustible-gas mixture, after

which the dust is dispersed within the balloon by a 0.8 s pulsed flow of the same gaseous

mixture. A delay of 4 s is introduced between the end of the dust dispersal process and

ignition to allow turbulence to decay [43]. The mixture is ignited in the center of the balloon

by a tungsten wire of 50 micron diameter that is rapidly heated by the discharge current from

an electrolytic capacitor. In order to enable the self-formation of an aluminum dust flame,

as has been observed in previous work [38–40], the igniter chosen in the present experiments

is only energetic enough to initiate the gaseous methane flame and would be insufficient

to ignite the combustible dust mixture. As the flame propagates outwards, the balloon

expands, maintaining an approximately isobaric environment, and bursts when the flame

reaches the balloon surface. Figure 2 shows a picture-schematic of the apparatus along with

still frames of the dust-dispersal and flame-propagation processes. Additional schematics of

the apparatus with more detailed descriptions are given in previous publications [42,43].

The present experimental configuration presents many advantages over rigid constant

volume-combustion bombs for the study of spherically-expanding, freely-propagating flames.

The transparent latex balloons allow for the study of constant pressure systems and provide

full visual access that allows the flame symmetry and dust cloud uniformity to be assessed.

The transient flame propagation is filmed from soon after ignition until the balloon bursts,

which allows for a longer monitoring time in comparison to combustion bombs where the

significant pressure rise is only observed when the flame is already close to the walls of the

vessel and, therefore, any transient or unsteady flame behavior remains undetected.
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Figure 2: The left side of the figure shows the experimental apparatus with an actual picture of the
inflated balloon containing only the combustible-gas mixture before dust dispersion with a schematic of the
key components below. The right side of the figure shows both the dust dispersal and flame propagation
processes for an 8% excess oxygen mixture and a concentration of 100 g/m3 of aluminum.

2.2 Combustible gas mixtures

Three different gas mixtures are studied in the present work. The first gas mixture is

methane-air with an equivalence ratio of 1.1, meaning there is no oxygen left in the methane

flame products (0% excess oxygen). The second mixture is 26% oxygen/74% nitrogen and

methane with an equivalence ratio of 0.8 (5% excess oxygen), and the third mixture is

an oxidizing mixture of 30% oxygen/70% nitrogen and methane with an equivalence ratio
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of 0.7 (8%excess oxygen). Consequently, all of the mixtures have nearly the same flame

temperature ( 2250 K) and thermal diffusivity which allows the effect of oxygen concentration

to be isolated. A table summarizing the gas mixtures in below in Table 1.

Table 1: Combustible gas mixture properties

% O2 % N2 % CH4 φ % Excess O2 Tad (K) Thermal Diffusivity (m2/s)

18.8 70.8 10.4 1.1 0 2250 2.25

23.8 65.8 10.4 0.81 5 2250 2.24

27.8 61.8 10.4 0.7 8 2250 2.24

2.3 Dust concentration measurements and flame visualization

The aluminum powder used is Ampal 637 (Ampal, NJ), with a Sauter mean diameter of 6.5

microns. The same batch of Ampal 637 has been used in previous experiments investigat-

ing both aluminum-oxidizer and hybrid aluminum-methane-oxidizer mixtures [38–40,42,43].

Since powder dispersion and burning characteristics are largely dependent on the exact type

of powder used, general comparison with results present in the literature is difficult; however,

by using the same batch of aluminum powder for different experiments, the role of different

geometries on the combustion characteristics can be more meaningfully compared. Experi-

ments are also conducted with inert spherical alumina powder made by Advanced Materials

with a mean particle diameter of 5 microns in place of reactive aluminum powder. Scanning

Electron Microscope (SEM) photographs of the powders are shown below in Fig 3. The

gaseous mixtures are seeded with powder concentrations ranging from 0-250 g/m3. Above

250 g/m3, the multiple scattering from all of the powder in suspension and deposited on the

balloon wall does not allow for accurate tracking of the flame front.

The dust concentration in suspension at the time of ignition is obtained from a calibration

performed within an acrylic sphere having the same size as the balloon [43]. Using a laser-

light attenuation probe calibrated for the same powder [38], a relationship between the mass
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(a) (b)

Figure 3: SEM photographs of a) Ampal 637 aluminum powder and b) Advanced Materials alumina powder

placed in the powder dispersion unit and the actual concentration of powder in suspension at

the time of ignition was determined. It was found that the actual concentration in suspension

at the time of ignition is about 40% less than the estimate that assumes that all the powder

sample is in suspension [43]. Most of this loss is from the powder depositing on the balloon

wall. The strong turbulence induced from the dispersion helps to keep the particles in

suspension, and the loss of powder from settling is minimal. Details on this procedure can

be found in [43].

The flame propagation is recorded at 4,000 − 7,500 frames per second using a Photron

SA-5 video camera. The lensing effect from the latex balloon is found to be negligible and

does not affect the measurements. The position of the flame front is tracked from high-speed

movies by fitting an ellipse to the flame front contour at different stages during the propaga-

tion. The radius of the flame is taken to be the average distance from the flame contour to

the center-of-mass of the ellipse. The flames are analyzed over an approximate radial range

of 30 mm to 100 mm, which correspond, to the minimum and maximum observable flame

sizes, respectively. At radii below 30 mm, there is too little light to define the flame front,

and beyond a radius of 100 mm the flame starts to interact with the balloon wall and is
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no longer freely-propagating. In order to analyze the flame surface topology, the high-speed

videos are also processed by subtracting two subsequent images. This allows for changes in

the flame surface from frame to frame to be amplified.

3 Results

3.1 Evolution of flame surface topology

Two typical results of the flame surface evolution with low dust concentrations for mixtures

with and without excess oxygen are shown in Fig. 4. In the case where there is no excess

oxygen (Images a, b, and c), the flame surface remains relatively smooth during propagation.

The few large cells that can be observed are likely formed from the residual turbulence in the

flow at the time of ignition or the asymmetric ignition device. These cells do not appear to

grow during the observed propagation time. In contrast, the flame in the mixture with excess

oxygen (images d, e, and f) has a corrugated and wrinkled surface during the entire observed

propagation within the balloon. While only images from experiments with 8% excess oxygen

are shown here, corrugated flame structures, identified as cellular flame instabilities, are also

observed in the 5% excess oxygen case. Furthermore, the same behavior is observed when

aluminum is replaced with inert alumina powder.

3.2 Evolution of flame radius

Three typical measurements of the evolution of the flame radius as a function of time are

shown in Fig. 5 for methane-oxygen-nitrogen-aluminum mixtures having 0%, 5% and 8% ex-

cess oxygen with approximately 100 g/m3 of aluminum in suspension. As can be seen, flames

in mixtures with 0% excess oxygen display constant propagation speeds, whereas flames in

mixtures with excess oxygen are accelerating. The acceleration in Fig. 5 is determined by

fitting the radius vs time data to a second order polynomial and taking the second derivative

of this function and is, therefore, an average value over the observed propagation. The ac-
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Figure 4: The top sequence of images shows the flame surface in the gas mixtures with no excess oxygen.
The bottom sequence of images shows the flame surface for gas mixture with 8% excess oxygen. Both
mixtures have aluminum concentrations of approximately 15 g/m3.

celerating flames also correspond to the flames that display a cellular structure on the flame

surface in Fig. 4. Furthermore, the values of acceleration show similar trends in mixtures

with both inert alumina and reactive aluminum.

3.3 Flame speed measurements

The formation and growth of cells on the flame surface increase the area available for reac-

tions, which in turn causes the flame to accelerate. In order to obtain the flame speed of

the laminar, unperturbed flame (i.e. non-cellular flame), the radius vs time data for these

accelerating flames are fit to the equation:
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Figure 5: Radius-time flame trajectories illustrating both steady (a = 0) and unsteady (a > 0) propagation.

R = Rc

(
SFt

Rc

)α

(1)

for R > Rc. This expression has been used in the literature to describe the fractal growth of

initially laminar methane and propane flames at atmospheric pressure [44–46]. The justifica-

tion for using this expression is discussed in further detail in section 4.1. In this expression,

Rc is the critical radius for the onset of cellular instabilities, SF is the flame speed of the un-

perturbed spherical laminar flame, and α is related to the fractal dimension of the cells (α=1

corresponds to stable flame propagation). By fitting the data of the accelerating, cellular

flames to this functional form which accounts for the acceleration due to the fractal growth

of cells on the flame surface, the non-cellular flame speed, SF, can be extracted, and the

effect of particles in suspension can be separated from the effects of the cellular instability.

In the present experiments, the results consistently show that Rc = 20 − 40 mm with no

trend with concentration, making the use of this equation valid for the observed flame data.

Steadily-propagating flames are processed by linear regression of the radius vs time data.

The results for flame speed are shown on Figures 6a and 6b. The dashed lines on the
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(a) (b)

Figure 6: Flame speed measurements for a) inert alumina powder and b) aluminum powder in different
gaseous mixtures. Dashed lines are theoretically calculated flame speeds assuming the alumina/aluminum
is an inert additive.

graph represent the methane flame speeds calculated theoretically using the chemical kinetic

software Cantera [47], assuming both alumina and aluminum powders are inert and act only

as heat sinks in the flame. The effect of dust concentration is modelled by increasing the

heat capacity of the mixture without changing its molecular composition. The flame speed

taken from Cantera is the speed of the hot combustion products leaving the flame, which,

to first order, is what is observed in spherically-expanding flame experiments.

The results from the different mixtures seeded with inert particles show good agreement

with the values calculated with Cantera (see Fig. 6a). The good agreement between the

predictions from Cantera and the SF values extracted from the cellular flame data in mixtures

with excess oxygen indicates that the fractal-growth correlation (Eq. 1) provides a good

description of these flames. Simply taking an average flame speed over the observed range

results in the reported flame speeds being higher than the flame speeds predicted by Cantera.

The experimental results for the mixtures with aluminum show different trends depend-

ing on whether or not there is excess oxygen in the post-methane flame zone, as shown in
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(a) (b)

Figure 7: Values of α found by fitting the radius vs time data to the equation: R = Rc

(
SF t
Rc

)α

Fig. 6b. When there is no excess oxygen, the flame speed initially decreases with increas-

ing aluminum concentrations, following the dashed line. After a critical concentration of

about 100 g/m3, the flame speed remains constant with increasing aluminum concentration,

deviating from the dashed line predicted for inert loading. When there is excess oxygen,

the flame speed monotonically increases with increasing aluminum concentration before also

reaching a plateau for concentrations above 150 g/m3.

3.4 Growth coefficient measurements

The growth coefficient, α, for the accelerating flames is plotted in Fig 7b. The results

show that α remains approximately constant with increasing dust concentration, with values

consistently between 1.1 and 1.3 for both inert alumina and aluminum powders.
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4 Discussion

4.1 Conditions for flame stability

All spherically-expanding flames eventually become cellular at some critical radius [44–46,

48–51]. At the critical radius, the spontaneous formation and subsequent growth of cells

on the flame surface cause the flame to accelerate. The cells increase the surface area of

the flame, which allows the flame to propagate at a faster speed than if the flame remained

smooth. As the cells grow and multiply, the surface area further increases, causing the flame

to accelerate.

There are four main parameters which determine the critical radius at which a laminar

flame becomes cellular: flame thickness (δt), activation energy (Ea), Lewis number (Le), and

expansion ratio across the flame (σ). Betchold and Matalon analyzed the influence of these

different parameters and found that the critical radius for the onset of cellular instabilities

depends on these parameters as follows: Rc ∝ δtEa
Le−Le∗
σ2 [50, 51]. In this expression, Le∗ is

the critical Lewis number less than unity such that the flame is cellular upon ignition. In the

present experiments, when oxygen replaces nitrogen in the mixture, the expansion ratio and

activation energy stay the same, but the flame thickness and Lewis number are decreased.

Flames of stoichiometric and fuel-rich methane-air flames have values of the critical radius

on the order of 12-20 cm [44, 45, 48, 49], which is beyond the range that the flames are

observed in the present experiments; hence, no cellular flame structures, or the corresponding

acceleration, are observed for these mixtures. When oxygen replaces nitrogen in the mixture,

the reaction rates increase, and the flame thickness decreases. Furthermore, the addition of

excess oxygen changes the mixture from slightly fuel-rich to fuel-lean, thereby changing the

limiting reactant to methane which has a lower molecular weight than the average molecular

weight of the mixture, causing the Lewis number to decrease to less than unity and bringing

it closer to Le∗. Both of these effects reduce the critical radius for the onset of instabilities,

resulting in the observed cellular flames for mixtures with excess oxygen. The particles
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in suspension may also reduce the critical radius for the onset of instabilities, similar to

what has been reported for flames propagating through aerosol mixtures [52]; however, the

observed acceleration appears to be primarily due to instabilities in the methane flame, as no

cells were observed for mixtures without excess oxygen with variable particle concentrations.

Moreover, the values of the growth coefficient, α, reported in the present work are consistent

for experiments with both inert and reactive powders and are in agreement with previously

reported values for cellular methane-air flames propagating at atmospheric pressure [45].

With the source of the acceleration identified and accounted for, using Eq. 1 to analyze

the radius vs time data allows the effect of aluminum combustion on the flame propagation

to be separated from the effect of the cellular instability.

4.2 Physical interaction of methane and aluminum fuels

As can be seen in Fig. 6b for mixtures without excess oxygen, both mixtures containing

reactive aluminum powder and inert alumina powder exhibit similar behavior at low particle

loadings, with flame speeds decreasing with increasing particle concentration, agreeing with

theoretical predictions which assume the particles are non-reactive. This indicates that, at

low solid fuel loadings, aluminum reaction rates are much slower than the methane reaction

rates and, thus, the aluminum only acts to increase the heat capacity of the mixture and

slows the flame.

The behavior of the flame speed changes when the concentration reaches a value of about

100 g/m3. Above this concentration, the flame speed stops decreasing and remains constant

with respect to the particle loading, which indicates that the aluminum is reacting and

contributing to the flame propagation. This observation is in qualitative agreement with a

similar effect observed for Bunsen-type aluminum-methane flames [38, 39]. In the Bunsen

geometry, it was observed that, at a critical concentration, an aluminum flame front forms

at the tip of the Bunsen cone and propagates down the sides to form a coupled double-front

structure which allows for the exchange of heat between the two combustion zones. Above
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this concentration, the burning velocity remains constant with further increases in aluminum

concentration, similar to the flame speed behavior observed in the present experiments,

indicating that the same phenomenon is also occurring in the spherical geometry.

In both geometries, spherical and Bunsen, the formation and coupling of the secondary

aluminum front, in the combustion products of the primary methane flame, is only pos-

sible when the speed of the secondary aluminum flame matches the speed of the primary

methane flame products. The aluminum flame speed increases with increasing solid fuel

concentration, leading to the critical concentration for flame coupling [39]. The thermally

coupled aluminum-methane flame at high concentrations stabilizes the burning velocity of the

methane flame by conducting heat from the secondary (aluminum) to the primary (methane)

reaction zones that compensates for the increased heat capacity resulting from the additional

aluminum in suspension.

As can be seen in Fig. 6b, for mixtures with excess oxygen, the flame speed monotonically

increases with aluminum concentration before reaching a plateau. The plateau in the flame

speed at high concentrations in mixtures with excess oxygen is again indicative that an

aluminum flame front is formed and coupled to the methane flame. A similar plateau in

burning velocity was observed in experiments studying the same excess oxygen mixtures on

the Bunsen burner and coincided with the formation of an aluminum flame which coupled

to the methane flame [39].

In contrast, the present data differ not only from the mixtures without excess oxygen in

the present work, but also from the results on the Bunsen burner for the same excess oxygen

mixtures. On the Bunsen burner, the burning velocity initially decreased with aluminum

concentrations below the critical value needed for thermal coupling, while the present set of

data shows an increase in flame speed with aluminum concentration for low concentrations.

The present results, combined with the previous results [39], suggest a different type of

physical interaction for low aluminum concentrations than the thermal flame coupling that

has been observed in previous investigations [20, 38–40].
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In a spherically-expanding flame, the particles are contained within the boundary of the

flame, and any delayed heat release from particles reacting behind the methane flame will

increase the temperature of the gas behind the flame, leading to increased thermal expansion.

This increased thermal expansion pushes on the methane flame, leading to faster observable

flame speeds [17]. Similar results were recorded by Denkevitz studying fuel-lean hydrogen-

air flames with varying concentrations of aluminum powder [41]. At low concentrations,

the explosion takes place in two stages with two distinct peaks in the rate of pressure rise;

however, as the concentration is increased, the two peaks move closer, eventually coming

together resulting in a single peak. In these experiments, the addition of metal powder

increased both the overall pressure rise as well as the maximum rate of pressure rise compared

to the hydrogen-air mixture without any powder.

In a stabilized flame [20, 38, 39], any delayed heat release from particles reacting behind

the methane flame is dissipated to the surroundings. In this configuration, the particles

must react fast enough with respect to the characteristic methane flame time (i.e. the time

the particles spend within the methane flame zone) in order to contribute to the flame

propagation. In a spherical flame, in addition to the characteristic methane flame time,

there is also the characteristic time of the entire event (i.e. the entire time the flame is

propagating), and particles reacting with a characteristic time greater than that of the

methane flame, but shorter than that of the total even time can still contribute to the flame

propagation through the enhanced expansion effect, as discussed above. This explains why

no enhancing effect was observed in the previous experiments on the Bunsen burner at low

concentrations for the same excess oxygen mixtures [39].

4.3 Particle mode of combustion

Although the above discussion explains the discrepancy between the Bunsen and spherical

geometries, the difference in flame speed behavior for spherical flames at low concentrations

between mixtures with and without excess oxygen still requires an explanation. This dif-
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ference is due to differences in the particle mode of combustion when different oxidizers are

present.

As discussed in the introduction, there are two subsequent process which control the

burning rate of a particle: the diffusion of oxidizer to the particle followed by the reaction at

the particle [16,53]. These competing processes result in two asymptotic combustion regimes

with their own distinct characteristics. If the rate of molecular transport is sufficiently fast,

there will be no thermal or species gradient between the particle and the surrounding gas,

and the particle will react kinetically at the Arrhenius reaction rate which depends strongly

on the bulk-gas temperature: k ∝ e
Ea

RuTg . If the reaction rates are faster than the rate of

diffusion, then heat will build up and oxidizing species will be depleted at the particle where

the reaction is taking place. This leads to thermal and species gradients between the particle

and the surrounding gas. In this case, the particle burns at a locally higher temperature

where the reaction rate is largely independent of the bulk gas temperature.

The slower reaction rates and reduced amount of heat production of aluminum reacting

with water vapor and carbon dioxide compared to oxygen creates the conditions for the

aluminum to react in the kinetically-limited mode [16,36,53]. At low concentrations of alu-

minum, the particles undergo relatively slow oxidation (compared to the methane flame) at

the methane flame temperature. As more aluminum is added, however, the collective effect

of particles reacting and releasing heat increases the bulk-gas temperature, which in turn

leads to an increase in reaction rates in a self-accelerating manner. As the concentration

of aluminum is further increased, this collective effect of the particles heating the gas is

also increased, and at a critical concentration, the self-heating from the particles allows the

suspension of aluminum to transition from relatively slow oxidization to a rapid combustion

process. Due to the exponential dependence of the Arrhenius reaction rate on temperature,

and thus aluminum concentration, this transition from relatively slow oxidization to rapid

combustion can occur over small concentration ranges, leading to the critical behavior evi-

denced in the flame speed data in Fig 6b. In this case, a critical concentration of aluminum
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is needed in order for the aluminum to become reactive within the system.

When aluminum can react with oxygen, the increased reaction rates and larger amount

of heat release create the conditions for the particle to ignite, or transition to the diffusion-

limited regime [16, 36, 53]. When this occurs, the particle burns at a locally higher temper-

ature. This allows particles to achieve relatively fast combustion rates compared to kinetic

reaction rates at the bulk-gas temperature. Therefore, even at low concentrations where the

collective effect of particle heating is small, the aluminum can still react rapidly enough to

contribute to the methane flame propagation. This is seen in the flame speed data in Fig 6b.

At low concentrations, there is a clear deviation of the experimentally measured flame speeds

from the dashed lines showing the trends assuming the particles are inert, indicating that

the particles are reacting and contributing.

These assertions of different particle modes of combustion in the different oxidizing en-

vironments are also supported by recent spectroscopic measurements made on a flat flame

burner using aluminum-methane fuel mixtures [54]. In the case where aluminum could only

react with water vapor and carbon dioxide, the spectroscopic measurements of the alu-

minum vapor atomic emission lines show no evidence of self-reversal, which indicates there

are no temperature gradients in the flame, which is consistent with particles burning in

the kinetically-limited regime. When aluminum burned in air, where it reacts with oxygen,

the emission spectroscopy did show signs of self-reversal, indicating there are temperature

gradients within the flame, consistent with the particles burning the diffusion-limited regime.

Aluminum burns in the vapor-phase, and past researchers have suggested that the limiting

kinetic reaction rate for aluminum combustion is the evaporation of aluminum vapor from the

particle surface [36, 39], and the present experiments agree with this assertion. The boiling

temperature of aluminum is 2800 K, and the adiabatic flame temperature of 0% excess oxygen

mixture reaches this temperature at a concentration of 125 g/m3, which is close to the 100

g/m3 measured in the present experiment where the aluminum starts to react and contribute

to the methane flame propagation. This suggests that the critical concentration is necessary
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to reach sufficient rates of aluminum evaporation to achieve rapid combustion, which is seen

in the flame speed data. For the 5% and 8% excess oxygen mixtures, the concentrations at

which the adiabatic flame temperature reaches the aluminum boiling temperature are 100

and 75 g/m3, respectively; however, the particles are clearly reacting and contributing to the

flame propagation at concentrations below these. In these mixtures, however, the ability for

aluminum to transition to the diffusion-limited regime, allows the particle to locally reach

the aluminum boiling temperature and produce sufficient amounts of aluminum vapor for

rapid combustion.

Figure 8 illustrates the four different scenarios observed in the present experiment. At low

metal loadings, the aluminum particles do not form a flame front and can only contribute

to the methane flame propagation when excess oxygen is present due to the ignition of

aluminum particles. Above a critical concentration, a second metal flame front forms and

couples to the methane flame in both cases.

Figure 8: Particle mode of combustion and aluminum-methane flame interactions are shown. In mixtures
without excess oxygen (Cases a and b), burning aluminum particles are depicted simply as red without a
diffusion-flame present around the particle. In mixtures with excess oxygen (Cases c and d), the particles
burn in the diffusion-limited regime with micro-diffusion flames around each particle.
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5 Conclusion

The present investigation studied spherically-expanding flames in hybrid aluminum-methane

fuel mixtures. This work varied aluminum concentration and oxidizer type and concentration

to determine when the aluminum will be reactive within these hybrid systems. Additionally,

this work examines the role of geometry in flames propagating through hybrid aluminum-

methane-oxidizer mixtures and is a continuation of previous works which have studied similar

hybrid mixtures on Bunsen burners [20, 38, 39], counter flow burners [54], and in quenching

tubes [40].

The spherically-expanding flames were studied using transparent latex balloons which

creates a near isobaric environment and permits optical access at all stages of the flame

propagation, allowing for the stability of the flame propagation to be analyzed. Flames in

mixtures without excess oxygen have a smooth flame surface and propagate at a steady speed.

In contrast, flames in mixtures with excess oxygen have cellular structures on the surface

and are found to be accelerating during the observed propagation, independent of the type

of powder in suspension. Formation and growth of the cellular instabilities cause the flame

to accelerate during its propagation. The radius versus time data is fit to an expression that

describes the fractal growth of cellular flames, allowing the effect of aluminum combustion

to be separated from the effect of the instability and enabling the unperturbed flame speed

to be extracted.

For fuel-rich methane-air mixtures with no excess oxygen in the post-methane flame zone,

the flame speed initially decreases with increasing aluminum concentration before reaching

a plateau above a concentration around 100 g/m3, similar to previous experiments with

Bunsen flames [38, 39]. This behavior is associated with the rapid formation of a high-

temperature aluminum flame which becomes thermally coupled to the methane flame and

enables the aluminum-oxidation rate to be similar to that of methane. Below this critical

concentration of aluminum, the aluminum undergoes oxidation at a relatively slow rate

compared to the methane flame and, thus, only affects the methane flame by increasing
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the heat capacity of the mixture. In these mixtures, the particles react in the kinetically-

limited regime, and a sufficient concentration is required for the aluminum to become reactive

within the system. Furthermore, the addition of aluminum in these mixtures, even at high

concentrations where the aluminum is reacting, results in flame speeds less than that of the

non-metallized combustible gas mixture.

In mixtures with excess oxygen, the flame speeds monotonically increase with aluminum

concentration at low concentrations before reaching a plateau for concentrations above 150

g/m3. The ability for the particles to react rapidly at low concentrations is attributed to the

particles igniting when there is oxygen with which to react. These fast reaction rates at low

concentrations permit the particles to deposit energy directly in the wake of the methane

flame, which causes the gases behind the methane flame to expand and push the methane

flame even without becoming thermally coupled. The critical oxygen concentration at which

the aluminum combustion transitions from the kinetically-limited regime to the diffusion-

limited regime in hydrocarbon flame products remains an open question to be explored in

future research.

The present work, along with previous studies [20, 38–40], demonstrates that thermal

coupling in metal-hydrocarbon fuel mixtures is not a fuel or geometry specific phenomenon.

This has important implications for improved understanding of metallized propellants, ex-

plosives, and hybrid industrial explosions, and is an area of research that requires further

investigation.

Additionally, this work also shows that for spherically-expanding flames, the total time

of the flame propagation, which is related to the size of the flame, introduces an additional

time scale within which the the metal particles can react and contribute to the flame prop-

agation. This has important implications for accidental explosions where very large flames

are produced with event times much longer than can be produced at the laboratory scale.
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