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Report Summary 

The present document reports the results from a collaborative research project undertaken 
by David Frost at McGill University, and Nick Glumac at the University of Illinois, 
Urbana-Champaign, with the financial support of DTRA grant HDTRA1-11-1-0014. The 
objective consisted of performing fundamental studies on the dispersal and combustion of 
metal powders with the goal of determining the combustion properties of aluminum dust 
clouds. The ultimate goal of this research is to enable the development of a strategy aimed 
at defeating airborne biological weapons of mass destructions (bio-WMD). 

The report is divided into 6 sections: 

1) Flame propagation in aluminum dust clouds  
2) Flames in hybrid mixtures of methane and metals 
3) Optical diagnostics in dust flames  
4) Modelling of flames in pure dust clouds and in hybrid mixtures of methane and dust 
5) Explosive dispersal of metal powders 
6) Biocidal agent dispersal 

The study of flame propagation in aluminum clouds was performed with three different 
apparatus and geometrical scales: large-scale unconfined clouds in the field, freely-
propagating flames contained within spherical balloons, and flat aluminum flames on a 
counter flow burner. The different studies investigated the flame propagation speed as a 
function of aluminum concentration for different oxidizers and inert diluents, the intrinsic 
instabilities in dust flames, the discrete flame propagation regime, the effect of initial 
temperature on the burning velocity, the influence of geometry on burning velocity, the 
effect of scale in flames propagating in aluminum dust clouds, and the effect of radiative 
heat transfer within aluminum clouds. 

The studies on flames in hybrid mixtures were performed with a Bunsen dust burner, in 
tubes, and freely-propagating in balloons. The different results demonstrate the different 
regimes of flame propagations, the critical dust concentration, the quenching distances of 
different mixtures, and the role of the different oxidizers in the mixture. 

Different optical diagnostics were developed to study the dust flames properties. The 
various diagnostic techniques allow the measurement of solid and gas phase temperature, 
aluminum suboxide AlO spectra, the regime of particle combustion, and burning velocity. 

Two different models were developed to further extend our understanding of flames 
propagating in dust clouds. The first is an analytical model that addresses the different 
flame propagation behaviours observed in hybrid mixtures of aluminum and methane. The 
simple physical model intentionally omits complex chemical reaction schemes, yet is able 
to capture the essential physics of the different phenomena. The second model is a 
numerical model which is used to investigate the role of dust concentration on the different 
combustion properties of metal powders. 

For some applications, it is necessary to rapidly generate a metal particle cloud.  In this 
case, explosive dispersal of powders is a suitable technique.  Experiments were performed 
to investigate the particle dynamics that result during explosive particle dispersal.  Of 
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particular interest is the effect of the metal particle properties (such as particle material, 
density, and size) on the subsequent uniformity of the particle cloud and on the strength of 
the blast wave generated, which can interact with pre-existing airborne dust (such as a bio-
agent in applications).  For a wide range of particles, the explosive dispersal process leads 
to the formation of particle jets which results in general in a highly spatially non-uniform 
particle cloud. The acceleration of the powder reduces the peak blast overpressure 
generated in comparison to a bare explosive charge, although as the particles interact with 
the blast wave, the decay rate of the blast wave is reduced.   

Finally, the last section reports experiments performed in the field with metal dust clouds 
containing the additive CuCl2, a biocidal agent. The temperature and concentration of the 
agent was measured in the field at a scale that would be representative of a real-life 
application.  

In conclusion, taken as a whole, the research undertaken in the context of this grant 
provides valuable information (such as the flame propagation speed, flame temperature, 
and radiative effects) that is useful for the design of devices targeting the defeat of airborne 
bio-agents. 
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SECTION 1. FLAMES IN PURE ALUMINUM 
CLOUDS 
 

Chapter 1. Freely-propagating aluminum flames in balloons 
 

1. INTRODUCTION 
Suspensions of combustible particles in an oxidizing media are ubiquitous in industry, 

agriculture, transportation and propulsion technology [1]–[6]. Though often amalgamated 
together under the term “combustible dusts”, solid fuels are very diverse, ranging from 
very volatile organic substances, such as plastics, flour, sugar or cornstarch, to refractory 
materials, such as carbon (graphite) or iron that do not volatilize or evaporate.  Organic 
dusts have melting and volatilization temperatures well below their flame temperature, 
such that their combustion behavior differs little from the combustion of hydrocarbon 
droplets.  The evaporation or decomposition of the organic volatile fuel and hydrocarbon 
sprays in the flame preheat zone might lead to the formation of a continuous flame sheet 
in the case of small particles and large fuel concentrations or, for large particles in fuel-
lean mixtures, result in the combustion of particles surrounded by individual diffusion 
micro-flames [7]. Complex fuels, such as coal, contain both volatile and refractory 
substances and burn partially in the vapor phase by volatilization while leaving a charred 
core that burns heterogeneously.  
 

Irrespective of the boiling temperature of the metal, the extremely fast and non-
activated reaction kinetics of metal vapors with oxygen precludes formation of a premixed 
metal-vapor mixture in the flame preheat zone.  [8], [9]. This excludes complex mixed 
heterogeneous/homogeneous flame regimes typical for combustion of solid and liquid 
hydrocarbon fuel suspensions which, combined with the fact that metals are pure elemental 
substances with well-defined properties, available in a wide range of particle sizes, makes 
flames in metal suspensions well-suited for the academic study of heterogeneous dust 
flames. Among all metals, aluminum is of special interest since it is often used as an 
energetic additive to propellants, explosives and pyrotechnics.   
 

 In contrast to hydrocarbon flames, the field of dust combustion remains vastly under-
developed. This is partly due to the experimental difficulty of obtaining a laminar 
suspension of solid particles which is required to measure the fundamental combustion 
parameters, such as the burning velocity. Dust particles rapidly settle in a quiescent 
environment, and, in order to maintain the dust in suspension, an ascending laminar flow 
or some level of flow turbulence is required. For large particles that are tens of microns or 
more in size, the flow velocity that is required to counteract particle settling may even 
exceed the flame burning velocity. Thus, performing dust combustion experiments over a 
wide range of particle sizes ultimately requires a microgravity environment [10]. 
Furthermore, the combustion behavior of a dust suspension depends on the particle 
morphology and size distribution, which makes it difficult to compare experimental data 
obtained from different research groups using dissimilar powders.  
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The vast body of literature on dust combustion is mostly based on experiments in closed 

bombs with no visual access, where the pressure history within the vessel is the only 
parameter measured. This experimental technique is primarily used to empirically classify 
the explosivity of dusts based on the rate of pressure rise, in accordance with the explosion 
hazard scale, while leaving the scientific questions of the flame structure and flame 
propagation mechanism unresolved. Only a small number of experimental groups, using 
different techniques, have provided direct measurements of the flame propagation speeds 
from which the burning velocity can be extracted. For example, Cassel employed stabilized 
Bunsen-type flames [11],  Ballal et al. [12] performed experiments with flat flames in a 
tube in microgravity, and Sun et al. [13]–[15] explored freely-propagating flames at very 
small scales. For the past 20 years, researchers at McGill University have systematically 
used visual observation of metal dust and hybrid hydrocarbon/metal-dust flames stabilized 
on Bunsen burners [16]–[19], propagating in tubes in normal and microgravity 
environments [20]–[23], and, more recently, spherically expanding in transparent latex 
balloons [24], to determine flame speeds and flame structure. The systematic use of the 
same batch of aluminum powder in the different experiments has facilitated the 
accumulation of a unique dataset of aluminum dust flame properties such as burning 
velocity, flame quenching distance, and flame spectral characteristics. This comprehensive 
compendium of data allows for the direct comparison of properties using different methods 
to fully characterize the combustion properties and flame structure. 

 

2. EXPERIMENTAL APPARATUS 
The transparent latex balloons have a diameter of about 30 cm and volume of about 

14 L when inflated prior to injection of the powder (Fig. 1). As the flame propagates, the 
balloon expands, maintaining essentially isobaric conditions up until it bursts with a 
pressure rise that is less than 0.01 bar. The aluminum powder is initially placed in a 
hemispherical cup at the bottom of a cylindrical dispersion unit that has a maximum 
capacity of 8 g of powder. The powder is fluidized within the cylindrical chamber by an 
impinging pulse of high-pressure gas. The particles become entrained in the flow, and the 
aluminum-gas mixture travels upward through a hemispherical cap before entering the pre-
inflated balloon. The cap is pierced with multiple holes to separate the two-phase flow into 
many particle-laden jets that move up through the center of the balloon.  The suspended 
particles recirculate within the balloon, mixing with the gas mixture until a uniform gas-
particle mixture is created within the balloon, as shown in Fig. 2. The powder suspension 
is then centrally ignited by a heated tungsten wire following a 4 s delay after the initial 
powder injection to allow the initial turbulence to decay, as described in a previous 
publication [24]. The dust dispersal and flame propagation processes are recorded using a 
high-speed Photron SA5 videocamera, operated at 4,000–7,500 frames per second. Neutral 
density filters are used to attenuate the light intensity of the intensely luminous flames at 
high dust concentrations. A photodiode and a microphone, installed near the balloon and 
synchronized with the camera, monitor the history of the flame brightness and the acoustic 
waves emitted by the flame, respectively. More details on the design and operation of the 
apparatus are given in a previous publication [24].  
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Figure 1. Schematics and photograph of the laboratory apparatus for observation of spherical dust 
flames in transparent latex balloons. 

 

 

 

Figure 2. Still frames of the dispersion of 4g of aluminum powder in the latex balloon apparatus 
for a final concentration of approximately 200 g/m3. 

 

In most dust combustion experiments within closed vessels, it is usually assumed 
that the dust is uniformly dispersed throughout the vessel volume without any powder 
deposition, and hence the dust concentration is calculated by simply dividing the mass of 
the dust sample by the inner volume of the vessel. However, some portion of the powder 
does not remain in suspension but, rather, accumulates on the vessel wall or settles to the 
bottom of the chamber prior to ignition. In the present experiment, some degree of powder 
deposition also occurs, and hence a calibration is performed to correlate the mass of the 
dust sample initially within the dispersion unit with the actual amount of dust in suspension 
at the moment of ignition. A rigid acrylic sphere with a similar size and volume is used in 
place of the latex balloons in conjunction with a laser light-attenuation probe to calibrate 
the dust concentration [19], [16], [18], [17]. The probe consists of a 633 nm red laser and 
a photodiode with a narrow-bandpass filter corresponding to the wavelength of the laser. 
The powder is dispersed as usual but not ignited. The powder concentration is derived from 
the photodiode output signal using the Beer-Lambert law, which states that the logarithm 
of the light attenuation corresponds to the powder concentration multiplied by a constant. 
This constant, which depends on the distance traveled by the laser and the type of powder 
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used, has been determined in previous experiments using the same powder [19], [18].  
Figure 3 shows a typical time history of the dust concentration determined within the 
suspension during and after the dust dispersal process. Figure 4 shows the concentration 
measured in the globe and the calculated concentration. 

 

  

Figure 3. Time history of the aluminum dust concentration in the balloon measured by the laser 
light attenuation probe. 
 

 

Figure 4. Experimentally measured concentration of the aluminum in suspension at the moment 
of ignition (4 s after the start of dispersion) as a function of the amount of aluminum dust initially 
placed in the dispersion unit. The shaded area represents the 95% confidence interval of the fit, 
the solid line the least-square fit and the dashed line is the estimate of the aluminum concentration 
obtained assuming that the entire dust sample remains in suspension. 
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The method of measuring flame speed is first validated using methane-air mixtures 
of various equivalence ratios. The contour of the flame on the high-speed movie is traced 
for every frame and the radius is taken to be the average distance between the contour and 
the center-of-mass. The flame speed is equal to the slope of the curve, which is found by 
linear regression. Conservation of mass allows the calculation of the 1D laminar burning 
velocity, (Law, 2006) using / , where  is the flame speed, and  and 

 are the burned and unburned gas densities, respectively. The density of the gas before 
and after combustion is found using the chemical equilibrium solver Cantera (Goodwin, 
2003). As shown in Fig. 5, the burning velocities are in good agreement with other literature 
values measured with spherical flames (Gu, Haq, Lawes, & Wooller, 2000; Hassan, Aung, 
& Faeth, 1998; Qin, & Ju, 2005).  

 

 
 

Figure 5: Burning velocity vs. equivalence ratio for methane-air mixtures compared to results from other 
freely-propagating spherical flames. 

 

Tests with stoichiometric methane-air mixtures are performed to determine the minimum 
delay time required between the powder dispersal process and ignition. A pulse of pre-
mixed methane-air instead of air is introduced into the balloon with no powder to study the 
effect of turbulence on the flame speed. The results are shown in Fig. 6 and the dashed line 
represents the laminar flame speed. It can be seen that approximately 5 seconds are required 
for the effect of turbulence to be negligible. This delay time is found to be a good 
compromise between the decay of turbulence and minimal settling of the powder. 
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Figure 6: Methane flame speed as a function of ignition delay time. The dashed line represents the laminar 
flame speed. 

 

The various test series within the balloons were performed with oxygen 
concentrations ranging from 15% to 100%. The oxygen is diluted with nitrogen, argon or 
helium to have different heat capacities and diffusivities while keeping the concentration 
of aluminum and oxygen constant. Oxidizing mixtures are prepared in a mixing tank by 
partial pressure. Tests were performed with Ampal aluminum powdwer, 637. 

 

3. RESULTS AND DISCUSSION 
Regimes of flame propagation 

Figure 7 shows the flame propagation through an aluminum dust cloud with a concentration 
of about 500 g/m3. The images are processed the same way as for the methane flames. A 
typical result for the average radius as a function of time is shown in Fig. 8, with the slope 
corresponding to the flame speed.    

 

 
Figure 7: Characteristic aluminum flame propagation for a powder concentration of 500 g/m3. 
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Figure 8: Flame front radius as a function of time for flame propagation in an aluminum-air mixture 

 

Different regimes of flame propagation are observed in the present experiments, 
and the type of regime depends primarily on the fuel equivalence ratio, i.e., on the oxygen 
and aluminum concentrations. Mixtures in the vicinity of stoichiometric concentrations 
exhibit stable propagation of a smooth flame expanding radially outwards after central 
ignition. Figure 9 shows still frames from a stable flame experiment, with an aluminum 
concentration of about 370 g/m3 in air. 

 

 

 

Figure 9.  Flame front propagation in near-stoichiometric suspension in air at aluminum dust 
concentration of about 370 g/m3. Stoichiometric concentration of aluminum in air is about 320 
g/m3. 

 

Several unstable combustion regimes were observed in both very fuel-rich mixtures 
and fuel-lean mixtures. On the rich side, flames have exhibited cellular patterns on their 
surface. In fuel-lean suspensions, the flame instabilities are classified into the following 
four categories, listed in order of decreasing aluminum concentration starting from 
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stoichiometric conditions: i) decaying pulsating flames (pulsations with diminishing 
amplitude), ii) regular pulsating flames (pulsations with constant amplitude), iii) pulsating 
flames accompanied by spiral patterns formed on the flame surface, and iv) spiral flames.  

Flames with decaying pulsations, followed immediately by pulsations, are the first 
forms of instabilities that are observed as the concentration of aluminum is decreased below 
the stoichiometric value. The first regime is referred to as “decaying pulsations" on the 
graph of Fig. 11 below. In both cases, pulsations start immediately after ignition and are 
characterized by brief periods of intense luminosity followed by an apparent extinguishing 
of the flame where the brightness of the flame is reduced by almost an order of magnitude. 
At aluminum concentrations only slightly below the stoichiometric value, the pulsations 
are weak, and the flame often starts to propagate steadily after only a few pulsating periods. 
As the aluminum concentration is decreased still further, the pulsations become more 
intense and persist until the flame reaches the balloon wall. Figure 10 shows still frames 
from two periods of such a pulsating flame.  

 

 
 
Figure 10.  Still frames illustrating two periods of a pulsating aluminum flame in lean aluminum suspension 
in 60%O2/40% Ar gas mixture and aluminum concentration of about 280 g/m3. 

At very low aluminum concentrations, near the lean flammability limit, a second 
type of thermo-diffusive instability is observed.  Spiral waves, often referred to in the 
literature as spin combustion, can be clearly observed on the flame front. For extremely 
lean mixtures, when the flame speed becomes comparable to, or lower than, the flow speed 
induced by the buoyancy of the hot combustion products, the flame propagates upwards in 
the form of rotating spirals.  The spirals appear to start and stop at different locations, and 
multiple rotating spirals can be observed simultaneously. A spiral flame is shown in a video 
in supplementary materials. When the mixture has an aluminum concentration between the 
values associated with the pulsation and spiral regimes, a combination of these two types 
of instabilities can be observed simultaneously. The flame pulsates, with the clear 
formation of spiral patterns on the flame surface during the burning phase.   
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Figure 11 presents the mapping of the different combustion regimes as a function 
of aluminum and oxygen concentrations in gaseous mixtures of oxygen with helium, 
nitrogen or argon. The horizontal dashed lines crossing the different columns indicate 
stoichiometric aluminum concentrations for each specific oxygen concentration.  The 
present experimental set-up allows for a maximum aluminum concentration of about 550 
g/m3, such that fuel-rich conditions are only possible in mixtures with oxygen concentration 
below 30%. As can be seen from Fig. 10, most fuel-rich mixtures, as well as fuel-lean 
mixtures with fuel equivalence ratios above 0.8, exhibit stable flame propagation. As the 
aluminum concentration is lowered below this value, the flame generally first starts 
propagating with decaying pulsations. As the concentration is decreased the pulsations 
grow stronger and persist until the flame front reaches the balloon wall.  As the dust 
concentration is reduced even further, pulsations are followed by pulsations with spirals 
and, finally, purely spiral flames. It is interesting to note that spiral flames occur more 
frequently in nitrogen-oxygen mixtures while the combination of spirals and pulsations 
occurs more frequently in helium-oxygen mixtures.  

 

 

 

Figure 11.  Map of the different regimes of combustion observed for variable oxygen and 
aluminum concentrations for several inert diluents. 

 

Propagation speed of stable flames 

The propagation speed of stable flames is determined from the high-speed video 
records. As the flame is not always spherically symmetrical, the contour of the flame front 
on each frame was fit with an ellipse. The mean flame radius is then defined as the average 
distance from the edge of the ellipse to its center-of-mass. The flame radius is plotted as a 
function of time and a leastsquares fit to the data is used to find the slope of the line giving 

the flame speed,   [24]. The experimental data points of flame speed in air in the 

stable flame propagation regime are shown in Fig. 12 for different mass concentrations of 
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aluminum in suspension. As can be seen from Fig. 12, in fuel-lean mixtures, which 
corresponds to the portion of the curve left of the dashed line that represents stoichiometric 
conditions, the flame speed increases relatively sharply with an increase in aluminum 
concentration.  

Figure 13 shows the measured flame speeds as a function of aluminum 
concentration in argon-oxygen mixtures at three different oxygen concentrations of 15, 20, 
and 30%. As can be seen, in fuel-lean mixtures the flame speed increases linearly with 
aluminum concentration, within the scatter, but is relatively insensitive to the oxygen 
concentration in the mixture. At all oxygen concentrations, the flame speed reaches an 
approximate plateau level in rich mixtures, and the average plateau value is larger for 
mixtures with larger oxygen content. This demonstrates a relatively strong dependence of 
the flame speed on oxygen concentration for fuel-rich mixtures.   

The dependence of the flame speed on aluminum concentration in 15 % oxygen 
mixtures with different gaseous inert diluents (N2, Ar, He) is shown in Fig. 14. At equal 
aluminum concentrations, the lowest flame speed is observed in oxygen-nitrogen mixtures 
followed by slightly higher speeds in mixtures with argon. In contrast, helium increases 
the flame speed more than three times in comparison to argon-diluted mixtures. The flame 
speeds are observed to be quite insensitive to the concentration of aluminum for rich 
mixtures, as observed previously [16]. 

 

 

Figure 12.  Flame speed at different aluminum concentrations in air for stable flames. 
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Figure 13.  Flame speed versus aluminum concentration in argon mixtures with different 
oxygen content for stable flames. 

 

Figure 14.  Flame speed versus aluminum concentration in 15% O2 and 85% N2, Ar or He for 
stable flames. 

 

Pulsation frequency and average flame speed of pulsating flames 

The flame front in the pulsating regime is also tracked by fitting an ellipse to the 
front on the images, and the radius is taken to be the average distance between the center 
of mass and the edge of the ellipse. Figure 15 shows an example of the flame radius tracked 
as a function of time for a pulsating flame. It can be seen that for very brief periods of time, 
the flame propagates at extremely high speeds separated by a longer phase where the flame 
radius effectively does not change with time. The average flame propagation speeds of the 
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pulsating flames, obtained from a linear fit to the data, are shown in Fig 16 for three 
different inert gas diluents with an oxygen concentration of 60%. The results demonstrate 
that the average flame propagation speed in the pulsating regime increases only with 
aluminum concentration and, surprisingly, is largely independent of the heat and mass 
diffusivity of the mixture, which differs by a factor slightly larger than two between helium 
and argon mixtures. This behavior is strikingly different from a stable flame propagation 
regime, where the flame speed strongly depends on the thermal diffusivity of the mixture 
increasing by almost factor of four when argon in mixture with oxygen is replaced by 
helium (Fig. 14) for flames in 15% oxygen. 

 

Figure 15.  Time dependence of the radius of the pulsating flame in 60% O2 and 40% Ar with an aluminum 
concentration around 280 g/m3. 
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Figure 16.  Average propagation velocity of the pulsating flame versus aluminum concentration in 60% O2 
and 40% N2, Ar or He. 

A typical variation of the pulsating flame brightness recorded by the photodiode is 
shown in Fig. 17, superimposed with the acoustic pressure signal recorded by the 
microphone.  It is evident that both traces coincide in frequency and are in-phase, indicating 
that acoustic pulsations are induced by the pulsating flame. Figure 18 presents an example 
of the light emitted from a flame with decaying pulsations undergoing transition from the 
pulsating mode to a stable flame propagation mode.  

 

 

 

Figure 17.  Typical light and sound pressure signals from pulsating flame (60% O2 and 40% Ar 
mixture, aluminum concentration around 420 g/m3). 
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Figure 18. Typical light signal from a flame with decaying pulsations (42% O2 and 58% Ar 
mixture, aluminum concentration about 450 g/m3). 

 

Figure 19 illustrates the dependence of the frequency of flame oscillations on the 
aluminum concentration in fuel-lean mixtures of 80% oxygen diluted with either argon or 
helium. The dependence of the flame oscillation frequency on aluminum concentration 
under different concentrations of oxygen in argon-oxygen mixtures is illustrated in Fig. 20 
for 42%, 60%, and 80% oxygen. As can be seen, in both cases, the frequency increases 
approximately linearly with aluminum concentration, while neither the oxygen 
concentration nor the type of inert gas exhibit any substantial influence on the oscillation 
frequency. Pulsation frequencies do not noticeably change in helium mixtures, which have 
much higher sound speed. Furthermore, experiments were performed for different balloon 
sizes, enclosure sizes and balloon thicknesses and yielded the same frequency for a given 
aluminum concentration. 
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Figure 19.  Dependence of the flame pulsation frequency on aluminum concentration in 80% O2 
and 20% Ar or He 

 

Figure 20. Dependence of the flame pulsation frequency on aluminum concentration in O2-Ar 
mixtures with varying O2 concentrations of 42%, 60% and 80%. 

 

Detailed modeling and quantitative numerical analysis must be performed to 
explain the various physical phenomena observed in the present work and will be the 
subject of a subsequent publication. However, some qualitative explanations of the 
observed phenomena and trends based on physical considerations can be discussed. The 
flame speed dependence on dust cloud parameters in the stable flame-propagation regime 
are interpreted using some of our previously-published qualitative dust-flame models. The 
physical interpretation of the observed unstable combustion regimes is based upon thermo-
diffusive instability theory developed for the description of similar phenomena for gaseous 
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and condensed-phase mixtures. Large-scale tests are interpreted using a basic 
hydrodynamic model to obtain the burning velocity, and the effect of radiation is discussed 
in the context of pre-heating of reactants. 

Stable flame propagation 
Flame speed and burning velocity 

Similarly to flames in gas mixtures, the burning velocity of a spherically-
propagating, constant-pressure dust flame can be found by simply dividing the measured 
flame speed by the expansion coefficient, defined as the ratio of the density of unburned 
mixture to the density of combustion products [29].  For any given aluminum 
concentration, this ratio can be calculated using an equilibrium code, such as Chemical 
Equilibrium with Applications (CEA) developed by NASA [30], that calculates both 
equilibrium temperatures and the number of moles of gaseous combustion products. The 
burning velocities derived from the balloon experiments for mixtures in 20% oxygen 
diluted with argon are shown in Fig. 21 in comparison to the data obtained previously from 
experiments with Bunsen dust flames for the same batch of Ampal-637 aluminum powder 
[16] in argon and 21% oxygen. As can be seen from Fig. 21, the burning velocities obtained 
from the two different experiments are in agreement, as was shown for aluminum-air 
flames in a previous publication [24]. The agreement between two different experimental 
methods with different geometries implies that the notion of burning velocity as a 
fundament physical-chemical parameter also applies for flames in metal suspensions, 
similar to gas flames.  

 

 

Figure 21.  Comparison of the burning velocities derived from balloon experiments and Bunsen-
type dust flames [16] in argon mixed with 20% O2 for balloons and 21% O2 for Bunsen flame. 
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Dependence of the burning velocity on aluminum and oxygen concentration 

The effect of aluminum concentration on the flame burning velocity at different 
levels of oxygen concentration is illustrated in Fig. 22 with argon being the inert diluent. 
Again, the burning velocities are obtained from the data of Fig. 13 by multiplying the flame 
speed by the expansion coefficient, which is also obtained with an equilibrium solver. The 
solid lines shown represent the trends of the flame speeds for the three different oxygen 
concentrations. 

 

 

Figure 22.  Dependence of burning velocity in aluminum suspensions on fuel concentration at 
different concentrations of oxygen diluted with argon. 

As evident from Fig. 22, the dependence of the burning velocity with increasing 
aluminum concentration demonstrates the same qualitative behavior at all oxygen 
concentrations.  The flame velocity increases with aluminum concentration in lean 
mixtures and then plateaus after crossing the stoichiometric value exhibiting very low 
sensitivity to dust concentration in fuel-rich mixtures. This behavior is different to flames 
in gaseous fuel mixtures where the dependence of the flame speed on the fuel equivalence 
ratio is more or less symmetrical around the stoichiometric value. There are two major 
reasons for this distinctive feature of dust flames. First of all, the flame temperature 
decreases less significantly with an increase of the fuel concentration in fuel-rich solid 
suspensions than in gases. This is because an increase in solid-fuel concentration only 
increases the specific heat of the mixture without diluting the oxygen concentration, since 
the solid particles occupy a negligible volume. Thus, the calorific value of a rich dust 
mixture is defined solely by the oxygen concentration and not the fuel. The second reason 
is that the rate of aluminum particle combustion in the diffusive-combustion regime is not 
very sensitive to the reduction in bulk flame temperature, due to the formation of micro-
diffusion flames around each particle with each flame temperature at the stoichiometric 
value.  In fact, a larger reaction surface area in rich mixtures actually leads to a faster 
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reaction rate, compensating for the decrease in flame temperature and, thus, keeping the 
value of flame speed relatively constant.  

As can be seen from Fig. 22, the seemingly weak dependence of the burning 
velocity on oxygen concentration in fuel-lean mixtures is the most striking result observed 
in the present study for stable flames in aluminum suspensions.  Regardless of the 
aluminum particle combustion regime, i.e., kinetic- or diffusion-limited, the particle 
reaction rate is proportional to the oxygen concentration.  In accordance with the basic 
theory of diffusion-reaction waves in a reacting continuum [31], the propagation speed of 
the front is proportional to the square root of the reaction rate, which is equivalent to the 
square root of the oxygen concentration. The only reasonable explanation for the observed 
flame  reduced sensitivity to oxygen concentration is the recently-developed theory of 
discrete flame propagation [32]–[34]. This theory predicts that in a system with fast-
reacting, spatially-discrete heat sources, inter-source heat diffusion controls the flame 
propagation rate, resulting in a decrease in sensitivity of the flame speed on reaction time 
of the particles with oxygen.  Based on this theory, the estimations provided in a previous 
publication [35] have actually predicted the results experimentally observed here. As the 
concentration of aluminum increases, the inter-particle spacing decreases and the discrete 
flame effects diminish. In fuel-rich mixtures, the amount of burned aluminum also rises 
proportionally to the oxygen content resulting in higher flame temperatures and, 
correspondingly, higher flame speeds for higher oxygen concentrations. 

Effect of the gas molecular transport coefficients on the burning velocity 

As in gaseous flames, the burning velocity in solid suspensions is roughly 
proportional to the square root of the heat diffusivity of the gas multiplied by the reaction 
rate. In addition, the rate of particle combustion in the diffusive combustion regime is 
proportional to the diffusivity of oxygen towards the micro-flames surrounding each 

particle. Combining these two factors gives the expression 
,

,

 for the dependence of the burning velocity, , in terms of the heat 

diffusivity  and mass diffusivity of oxygen D for helium and argon as inert gases (they 
have equivalent heat capacities)  [16]. This predicts a 3.9 fold flame speed increase for 
mixtures in 15% oxygen. As can be seen from the flame speed data in Fig 13, the ratio 
between the flame speeds in argon and helium is around 2.9. Perhaps this discrepancy could 
be explained by uncertainty in the measured values; however, a lower experimental ratio 
of burning velocities in helium-oxygen and argon-oxygen mixtures  was also observed in 
experiments with stabilized aluminum Bunsen dust flames [16]. This trend of discrepancies 
points towards a different mode of particle combustion depending on whether oxygen is 
diluted with argon or helium. Particle combustion in argon mixtures is controlled by the 
diffusion of oxygen towards the diffusion micro-flame surrounding each particle and the 
experimental evidence indicates that a heterogeneous kinetically-controlled reaction at the 
surface might be the limiting reaction stage in helium mixtures due to their higher 
molecular heat and mass transfer coefficients [21]. In the asymptotic case of kinetically-
controlled combustion, the flame speed depends on heat diffusivity only. Any intermediate 
(partial) dependence on oxygen diffusivity would indicate a transient particle combustion 
regime [36]. 
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Unstable flames 

Contrary to acoustic oscillations previously observed in tubes [45], [46], pulsations 
in balloons are observed only in fuel-lean mixtures and are the strongest near the lean flame 
propagation limit indicating that their physical nature is very different from acoustic 
coupling.  Similar pulsating flames in fuel suspensions have only been observed and 
reported once, for flames in suspensions of large PMMA particles in microgravity [47], 
[48]. Those authors considered the pulsations to be caused by periodical preheating of the 
fresh mixture by flame radiation. This, however, is an unlikely explanation since, as was 
discussed above, radiation cannot be sufficiently absorbed by the unburned mixture in 
small-scale dust clouds and primarily acts as a heat-loss mechanism. The effects of 
radiative heat transfer should also increase with fuel concentration, whereas pulsating 
flames are observed only in fuel-lean mixtures and are replaced by stable flame propagation 
when the fuel concentration approaches stoichiometric conditions. Thus, the observed 
pulsating and other unstable flame-propagation regimes are most probably the 
manifestation of thermo-diffusive instabilities, characteristic of flames with Lewis 
numbers deviating from unity [27], [49], [50].  

Near stoichiometric concentrations, the diffusion of heat through the flame in the 
suspension is balanced by the diffusion of oxygen, resulting in Le numbers close to unity 
and steady flame propagation [51], [52]. According to flame stability theory, thermo-
diffusive instabilities appear when this balance is broken, i.e., when the diffusion of either 
heat or mass begins to dominate over the other. For fuel-rich dust suspensions, the Lewis 
number is smaller than unity, which results in a cellular structure of the flame front [52]. 
Cellular flames have been observed in fuel-rich iron dust mixtures of small iron particle 
sizes during microgravity experiments by Tang et al. [20] as well as in the present balloon 
experiments when the aluminum concentration is above 500 g/m3. Increasing the dust 
concentration beyond the stoichiometric value does not change the heat conductivity of the 
mixture because the particles occupy a negligibly small volume. However, the heat 
diffusivity of the mixture does decrease with an increase in powder concentration due to 
the increase in heat capacity and density of the overall suspension. This effect yields Lewis 
numbers below unity for fuel-rich mixtures, causing the formation of cellular flames. 

For fuel-lean dust mixtures, the gradient of oxygen concentration across the flame 
is small and the diffusion of oxygen does not substantially affect the flame structure. The 
Lewis number becomes very large due to the zero diffusivity of metal particles in 
suspension, and a different type of instability arises. These instabilities take the form of 
pulsations, target patterns, or spiral waves, and have been observed in numerous systems 
that support reaction-diffusion waves [53]–[55]. For combustion systems, the criterion for 
the onset of pulsating instabilities has been established by Joulin and Clavin and can be 
written as follows: 1 16, with β being the Zeldovich number [42]. In other 
words, pulsating and spiral-wave instabilities are possible only for systems with 
sufficiently large Lewis numbers, high activation energy and low flame temperatures. 
These types of instabilities have been mostly observed in condensed systems [56]–[59] and 
rarely for gaseous flames due to the difficulty in creating combustible gaseous mixtures 
satisfying the instability criterion [28], [60]–[62]. 
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A qualitative map of the different flame propagation regimes observed in the 
present experiments for aluminum suspensions as a function of the oxygen and aluminum 
concentrations is shown in Fig. 23.   

 

 

Figure 23.  Map of the flame propagation regimes within fuel-oxygen concentration coordinates 

As can be seen from Fig. 23, the structure of the map of the flame propagation 
regimes generally follows the criteria for stable/unstable flame propagation predicted by 
flame thermo-diffusive instability theory. However, a number of the phenomena observed 
in the present work still lack a clear physical explanation. For example, the flame 
trajectories in the pulsating regime shown in Fig. 15 indicate that brief periods of rapid 
flame movement are followed by comparatively-long periods of flame stagnation. The 
behavior within this flame propagation regime is difficult to rationalize with laminar flame 
theory. Also, the independence of the average flame propagation speed on the heat 
diffusivity of the gas mixture observed for pulsating flames and presented in Fig. 19 also 
seemingly contradicts the very nature of a flame driven by molecular heat diffusivity. One 
possible explanation may be that the observed pulsating phenomenon is closer to a series 
of consecutive thermal explosions, as described by the non-stationary thermal explosion 
theory developed first by Frank-Kamenetskii [63]. Each explosion is followed by a period 
of thermal relaxation, where the mixture burning rate falls effectively to zero. The 
combustion products after the explosion act like a hot wall, at a temperature close to the 
adiabatic value, that heats the reactants in the adjacent layer of the mixture until another 
thermal explosion event occurs inside the layer of unburned mixture bordering the 
combustion products from the previous explosion.  Further work will be needed to clarify 
the physical mechanisms responsible for all of the flame propagation regimes shown in the 
regime map in Fig. 23. 
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4. CONCLUSIONS 
The present work reports a large set of experimental data on isobaric, freely-propagating 
flames in aluminum dust clouds,. 
  
 Stable propagation of an unperturbed spherical flame was only observed in the 

vicinity of the stoichiometric concentration. Pulsating, spiral and combined spiral-
pulsating flames were observed in fuel-lean mixtures and the formation of a cellular 
pattern on the flame front was evident in fuel-rich dust clouds. The appearance of 
unstable combustion generally follows the predictions of thermo-diffusive flame 
stability theory corresponding to pulsating flame instabilities at large Le numbers 
(fuel-lean dust suspensions) and cellular instabilities for Le numbers below unity 
(fuel-rich clouds).  

 For the stable flame propagation regime in fuel-lean mixtures, the flame speed is 
quite insensitive to the oxygen concentration. For fuel-rich suspensions, the flame 
speed is insensitive to an increase in aluminum concentration. The first observation 
can be explained in terms of the discrete flame theory that takes into account inter-
particle heat transfer.  The latter observation is primarily a consequence of the 
insensitivity of the particle combustion rate to flame temperature in the diffusive 
regime. 

 The burning velocity derived from flame propagation speeds in balloons correlates 
well with previously measured values from stabilized aluminum Bunsen flames. 
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Chapter 2. Stabilized, flat aluminum flames on a counterflow 
burner 
 

1. INTRODUCTION 
The burning velocity is a fundamental property of a mixture that reflects its reactivity and 
rate of heat transfer. It is defined as the speed at which an adiabatic, un-stretched, one-
dimensional laminar flame propagates through a quiescent mixture of unburned reactants 
[1]–[3]. By definition, the burning velocity is an asymptotic approximation that is difficult 
to realize experimentally. Unavoidable complications, such as heat loss, flame stretch, and, 
in some experimental configurations, residual turbulence, all influence the flame speed 
observed in a given experiment that may differ significantly from the idealized laminar 
burning velocity.  For gaseous and liquid fuels, these effects are generally understood and 
the laminar burning velocities obtained from different techniques, such as counterflow 
flames [4], spherically-expanding flames [1], [4], and flat-flame burners [5], can be 
reconciled [4].  The results from these different experimental geometries converge towards 
an accepted value of laminar burning velocity that can now be accurately calculated using 
advanced thermo-chemical models [4].   
 
In contrast to gaseous and liquid fuels, attempts to measure burning velocity in particulate 
suspensions are scarce in the literature. Cassel first attempted to use the Bunsen flame 
technique to measure the burning velocity in aluminum suspensions [6], [7]. A similar 
technique, with a different dust dispersion system and an improved measurement technique 
for the dust concentration, was used by McGill researchers to measure flame speed in 
aluminum suspensions [8] and hybrid mixtures of aluminum with methane and air [9], [10].  
Boichuk et al. [11] and Ballal [12] measured the flame speed in aluminum clouds within 
tubes under normal and micro-gravity conditions. Constant-pressure spherically-expanding 
flames propagating through aluminum suspensions, contained in latex balloons, were 
recently studied by McGill researchers [13].  This study enabled the measurement of the 
flame speed, and estimation of the laminar burning velocity, over a wide range of 
aluminum dust and oxygen concentrations [13].  Thermo-diffusive instabilities were also 
observed in flames propagating through lean particulate suspensions [13].   

Although these recent studies on particulate-fuel flames have provided significant insight 
into the physics of flame propagation in such fuel clouds, the question remains as to 
whether the concept of burning velocity can be applied to flames propagating in particle 
suspensions. In comparison to a gas flame, dust flames are more sensitive to both scale and 
flow configuration. Creating a fuel suspension for flame studies requires a turbulent fuel-
dispersion process, and maintaining large particles in suspension requires either a level of 
turbulence or an ascending laminar flow. The settling velocity of large particles can be 
comparable to or even exceed the burning velocity, and hence such particle sizes must be 
studied under microgravity conditions [14]. Solid fuel particles, unlike gases that are 
largely transparent to thermal radiation, can efficiently absorb the radiation emitted from 
the flame zone and post-combustion zone, effectively pre-heating the mixture [13], [15]. 
Dust flames are also more sensitive to flow gradients due to velocity slippage between 
solid and gas phases, as discussed in this paper.  Furthermore, the comparison of results 
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obtained by different research groups is rendered difficult due to the unique nature of each 
powder used. Even powders with similar average diameters may have very different 
particle size distributions, which could affect the resulting flame speed. Powders also differ 
by purity, degree of initial particle oxidation, and particle shape, all of which increase the 
complexity of the problem.  

To address this last issue, researchers at McGill University have performed a series of 
experiments, over a span of about 20 years, using different methodologies with the same 
batch of Ampal 637 aluminum powder hermetically stored in a container [8]–[10], [13], 
[15]–[17]. This unique dataset allows, for the first time, a comparison of burning velocities 
estimated from flame measurements in a variety of experimental configurations, including 
Bunsen dust flames [8], flames propagating in tubes [16], and freely-propagating spherical 
flames [13], [15]. In continuation of this effort, the present experimental paper describes 
the first time the burning velocity in aluminum suspensions is estimated using a 
counterflow flat-flame technique with a modified Particle Image Velocimetry (PIV) 
technique. The results from the present work are then compared with burning velocities 
obtained previously to assess whether the concept of laminar burning velocity can be 
applied to flames propagating through suspensions of particulate fuels. 

2. EXPERIMENTAL APPARATUS 
The experimental setup is based on the McGill Bunsen solid-fuel burner [8], which was 
also recently used in experiments in hybrid mixtures of methane and metal fuels [9], [10], 
[18]. The aluminum powder is initially loaded in a piston that is driven upwards by a 
mechanical actuator, allowing the solid particulate fuel to be dispersed at the top of the 
metal-powder charge using a concentric sonic air knife. The two-phase flow is entrained 
into air that ascends through a 60 cm-long laminarizing tube and exits through the bottom 
nozzle, with a diameter of 1.5 cm, surrounded by a co-flow of air. A second, inverted, 
nozzle is placed directly on top of, and concentric with, the bottom nozzle with a separation 
of two centimeters, which forces a jet of air against the aluminum-air mixture. This 
counterflow generates a stagnation point between the two nozzles, which produces a flat 
aluminum flame, as shown in Fig. 1. 

The dust concentration is monitored at all times during the experiment using a laser-light 
attenuation probe that is synchronized with the other diagnostic techniques. The probe 
was calibrated using the dust Bunsen burner for this specific batch of aluminum powder 
[9], [10]. The aluminum powder used is Ampal 637 (Ampal, NJ) and has a mean Sauter 
diameter of about 5.6 microns. The powder is nodular in shape and the same batch has 
been used in previous experiments to measure the burning velocity in stabilized and 
propagating flames [8], [15]. 
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Figure 2. a) Counterflow apparatus and diagnostics. b) Flat aluminum flame obtained with a 
counterflow burner. c) Still frame from PIV image data showing the illuminated particles. The 
diffuse area of light at the top corresponds to the flame. The aluminum concentration is around 
400 g/m3  for both b) and c). The numbered parts are 1) top nozzle with air co-flow 2) bottom 
nozzle 3) bottom co-flow 4) 5 W green laser 5) beam expansion optics 6) Photron SA-5 high-
speed camera 7) 5 mW red laser 8) photo-diode 9) flat aluminum flame.  

 

Previous studies of flame speeds, and inference of burning velocities, in metal-particulate 
flames have relied on imaging of the flame surface location.  The present study improves 
upon these past techniques and uses a particle image velocimetry (PIV) diagnostic 
technique.  A 5 W, 532 nm green laser is used to illuminate the aluminum particles ahead 
of the flame. As shown in Fig. 1, the light beam is expanded with the use of beam-shaping 
optics, which consists of an f  = −25 mm planoconcave lens followed by an f = 50 mm 
planoconvex lens. A thin light sheet is formed, passing through the centerline of the nozzle, 
by horizontally focusing the expanded beam using a f = 300 mm cylindrical lens.   

The flame and the illuminated particles in the pre-heat zone are imaged using a Photron 
SA-5 video camera operating at 4000 frames per second and an exposure time of 10-6 s. 
The particle velocity in the flow is estimated using the commercial PIV software, DAVIS, 
produced by LaVision. Figure 1 shows the bottom and top nozzle along with the optical 
diagnostics. It also shows a stabilized aluminum flame with a concentration of roughly 400 
g/m3. The particles in the flow below the flame are illuminated by the light emitted from 
the flame and the bottom nozzle is visible. Fig. 1c shows the aluminum particles 
illuminated by the green laser. The diffuse area of light at the top of the image is the 
aluminum flame, which has an observed thickness of approximately 3 mm. 

Counterflow [4] or stagnation-flow experiments [19] are widely used in the study of gas-
phase combustible mixtures, where the fluid velocity profile is typically visualized using 
small, micron-sized, inert tracer particles, such as aluminum oxide, with a narrow size 
distribution. The seeded particles are illuminated with a laser sheet and particle image 
velocimetry [4], [20], particle-tracking velocimetry [21], [22], or laser-Doppler 
velocimetry [23], [24] are used to track the motion of particles.  The small size of the inert 
tracer particles allows them to accurately follow the motion of the gas molecules, and the 
deviations in the high-gradient regions of the flow can be estimated [21], [25], [26]. The 



33 
 

reference flame speed and the stretch rate are deduced from the measured velocity profiles 
and this information can be used to extrapolate the burning velocity to un-stretched 
conditions using linear [1], or non-linear [4], [19], methodologies. 

The problem becomes more complicated with two-phase flames, where the combustible 
particles now play both the role of fuel and tracer.  In these flames, it is not possible to 
distinguish between micron-sized inert tracers and the larger fuel particles when 
performing the laser diagnostic techniques, complicating the interpretation of the resulting 
measurements.  

Counterflow coal flames have been stabilized, but diagnostics have been limited to the 
sampling of gases at different locations, as well as temperature measurements obtained 
with thermocouples, without any attempt to track the motion of coal particles or assess the 
flame speed [27], [28]. Burning velocities from flat coal flames come only from porous 
plug burners [29], [30] and no previous attempt has been made to use particle image 
velocimetry on dust flames, to the authors’ knowledge.  

Sanchez et al. recently discussed counterflow flames in liquid-fuel sprays in their review 
on spray combustion [31]. The authors highlight the difficulty in obtaining the fluid 
velocity from the particle motion due to inertia of the particles. The motion of spray 
droplets, as well as solid aluminum particles, depends on the Stokes number or the ratio of 
the accommodation time to the characteristic flow time [31]. The particle tracers used in 
gas-phase flames have very low Stokes numbers, hence the particles closely follow the gas 
flow [26].  The accurate knowledge of the particle size and the physics of particle motion 
in such flames has enabled very accurate estimates of the measured particle velocity 
profiles in stagnation flames using the results of one-dimensional stagnation-flame 
simulations [19], [26].  Such estimates involve the prediction of the particle motion as it 
responds to the Stokes drag and thermophoretic forces, as well as the particle inertia, 
through the various velocity and temperature gradients within these flames [22], [26]. 

The aluminum powder used in the present experiments has a wide distribution in size that 
ranges from 1 micron to around 15 microns, mixed with a small fraction of agglomerates. 
The Stokes number, or accommodation time, depends on the particle size and mass and, 
thus, the current fuel does not have a unique Stokes number. Droplet experiments can be 
conceived using monodisperse droplets [32], which simplifies the problem.  Unfortunately, 
such a technique is not currently possible for metal-particulate fuel suspensions. 
Furthermore, agglomerates and larger particles, although small in number, will 
individually scatter more laser light due to their larger scattering cross-sections and will, 
therefore, be over-represented in the signal captured by the high-speed camera sensor. The 
measured signal is, therefore, not representative of the average particle size, 6 microns, that 
composes most of the powder in the mixture. 

This inherent complexity related to the measurement of particle velocities in particulate-
fuel suspensions with a finite particle size distribution prevents the estimation of the Stokes 
time from first principles and necessitates a new approach to estimate the effective Stokes 
time.   In counterflow flame measurements, the reference flame speed and stretch rate are 
traditionally taken as the values within the fluid. Assuming a viscous fluid with a low 
Reynolds number, since the particles only deviate by relatively small values from the 
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nominal gas flow, the fluid velocity, Uf, can be estimated from the measured particle 
velocity profile with the following equation 

    (1) 

where τs is the effective Stokes time, which depends on the fluid velocity, particle diameter, 
and particle density. Since the signal is biased towards larger particles and agglomerates 
and particles have a distribution in size, the effective Stokes time has to be found 
experimentally. The equation was used to calibrate the effective Stokes time of the Ampal 
powder using a cold unreacted impinging-jet flow in the same counterflow configuration.  
The flow conditions were kept constant between the two experiments, one of which used 
1 micron alumina particles with a narrow size distribution, and the second used the Ampal 
637 aluminum fuel.  Figure 2 shows the particle velocity profile in the two cold flow cases, 
where the fluid flow is maintained constant in both experiments.  Assuming alumina 
particles perfectly follow the flow, the alumina profile can be considered to be a 
measurement of Uf (x).  For the same flow, the effect of the larger particle sizes within the 
Ampal powder leads to a significant lag of the measured velocity profile relative to that of 
the alumina powder. With the measured Up (x) from the aluminum fuel, τs is estimated for 
Ampal powder using Eq. 1.  The estimated effective Stokes time from the measured 
velocity profile with the Ampal powder is 1 ms, while a value of 11.9 µs is estimated using 
the nominal particle diameter of 6 microns.  

 

 

 

Figure 3. Cold impinging-jet flow profiles for aluminum Ampal powder and 1 micron alumina, 
which is assumed to follow perfectly fluid velocity, for the same jet flow conditions. 
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3. RESULTS AND DISCUSSION 
Aluminum flames were stabilized at various fuel concentrations on the counterflow burner 
with constant flow rates, corresponding to a stretch rate of approximately K180 s-1. The 
stoichiometric concentration for an aluminum-air flame corresponds to a mass loading of 
about 314 g/m3. The flow fields are obtained from 2 consecutive images and the velocity 
profile is measured along the center line of the flame. Figure 2 shows an example of a 
typical flow profile for a flame with an aluminum concentration of about 400 g/m3. It shows 
the measured velocity obtained from the particles and the calculated flow profile of the gas, 
estimated using the Stokes correction given by Eq. (1). The flow decelerates as soon as it 
leaves the bottom nozzle due to the opposing flow and accelerates after the flame due to 
thermal expansion, consistent with typical flow profiles from such stagnation flames [22].   

 

 

Figure 4 Measured particle, and estimated fluid, velocity profiles for a typical counterflow 
aluminum flame. The value of Su,ref is taken from the fluid profile as the minimum of the profile 
upstream of the flame and the strain rate, K, is taken as the slope of the cold-flow velocity profile 
upstream of Su,ref. 

 

The reference flame speed is taken as the minimum of the estimated fluid velocity curve 
upstream of the flame, as for gaseous and liquid fuel flames [4], [21], [25].  The reference 
flame speeds obtained from each PIV profile are then averaged from a set of approximately 
500 PIV vector fields at each concentration. Flames can only be succesfully stabilized for 
fuel rich mixtures in air. As can be seen in Fig. 4, the measured flame speed does not 
depend on aluminum concentration within the uncertainty.  The scatter in the data is caused 
by the PIV measurement uncertainty, which is amplified by the need to estimate the fluid 
velocity using the Stokes correction, and the inherent fluctuations in the dust concentration 
during the experiments. 
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Figure 5. Flame speed obtained on counterflow apparatus as a function of aluminum 
concentration for rich aluminum-air flames. 

Discussion 

Concept and measurement of burning velocity 

Researchers have developed a wide array of experimental techniques to measure the 
laminar burning velocity of gas-phase flames. Early studies used more rudimentary 
techniques, such as Bunsen burners, to measure the burning velocity, despite inherent 
problems such as heat loss at the nozzle and negative stretch and curvature at the tip of the 
flame [2], [4].  To improve the accuracy of the measurements, alternative methodologies 
were developed, such as spherically-propagating flames and flames in tubes, but these were 
also found to have inherent experimental uncertainties. This led to the development of more 
sophisticated techniques, such as flat flames through the use of stagnation [4], [19] or 
counterflow burners [33], which, with the help of particle tracking techniques and an 
improved understanding of the effect of hydrodynamic stretch on the resulting flame speed, 
led to increasing precision in the measurement of the burning velocity. Despite all these 
efforts, there still remains a discrepency between the various values for burning velocity 
reported for gaseous mixtures. 

This paper poses the question as to whether the notion of burning velocity can also be 
applied to flames in particulate suspensions of nonvolatile fuels, such as aluminum.  The 
burning velocity is defined in a premixed gaseous fuel where the mixture is homogeneous. 
In heterogenous flames, the oxidizer is uniform in space, but the fuel is localized in 
particles with large inter-particle spacing when compared to the diameter of the particle. It 
was proposed by Bradley and Lee [34], and later by Dahoe et al. [35], that the concept of 
burning velocity can be applied to organic dusts that volatilize in the flame pre-heat zone 
and sustain an effectively gas-phase combustion, as discussed by Seshadri et al. [36]. The 
reaction rates of aluminum vapor with various oxidizers has an extremely low activation 
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energy [37], [38], which prevents the accumulation of aluminum vapor where oxidizers are 
present and, therefore, forces the reaction zone close to the particle surface in either a 
heterogeneous reaction or through lifted micro-diffusion flames [39]. 

Burning velocity in aluminum suspensions 

The present work reports the first flat aluminum stagnation flame stabilized using a 
counterflow apparatus. The new experimental measurements of flame speed in fuel-rich 
aluminum suspensions obtained in the counterflow aluminum flames discussed in this 
paper can now be compared to previous data from a range of apparatus.  Each of these 
different approaches has the same inherent systematic experimental uncertainty as for gas-
phase flames, along with the additional complexity associated with the multi-phase nature 
of the fuel-oxidizer suspension.  Thus, a similar or greater spread in the data is expected.  

Figure 5 shows the reference flame speed obtained with the present counterflow apparatus 
in comparison to the burning velocities estimated with different techniques. As can be seen, 
burning velocities from Bunsen flames and spherically-expanding flames are in relatively 
good agreement and are about 30% lower than the reference flame speed obtained from the 
present counterflow apparatus. The burning velocities obtained from the tube method [16] 
are also presented but the factor that relates the measured flame speed to the fundamental 
burning velocity is unknown and these values are, therefore, associated with large 
uncertainties. 

 

 

Figure 6 Burning velocity as a function of aluminum concentration for different measurement 
techniques that include Bunsen burner [8], spherically-expanding flames [13], present work from 
counterflow burner, and flames propagating in tubes [16].  

The discrepency obtained in the present results is of similar order to those that can be seen 
for gas-phase flames [4]. Aluminum Bunsen flames [8] have an even stronger curvature at 
the tip than a typical methane flame and, thus, have greater experimental uncertainty.  
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These flames also lose heat to the cold burner rim, lowering the effective burning rates. 
The flame speed estimated from spherically-expanding flames is obtained by tracking the 
radius as a function of time using high-speed imaging. The hot combustion products act as 
a piston displacing the flame outwards and, thus, the burning velocity is estimated by 
multiplying the flame speed by the ratio of densities from the burnt and unburnt gases. The 
density of the hot products cannot be measured in situ and is estimated using 
thermodynamic values.  The actual temperature of the combustion products in the 
experiments must, by necessity, be lower than the adiabatic flame temperature.  The 
difference in final product temperature, and therefore density, from thermodynamic 
predictions results from both heat losses due to radiation, as well as from incomplete 
combustion of the particles inside the flame. If the actual final flame temperature was 
measured, the resulting burning velocities would be greater than those estimated assuming 
adiabatic combustion. 

Flames propagating in tubes towards the closed end propagate at a speed that depends on 
the flame curvature. The value of the measured speed can go from that of the burning 
velocity for a flat, smooth horizontal flame front to three to four times the burning velocity 
if the flame is slanted [40]. The knowledge of this factor is important in order to accurately 
estimate the burning velocity from this technique and is the main source of systematic 
experimental uncertainty. The flames in tubes were reported to be smooth and curved, with 
a parabolic shape, such that the values were estimated assuming a value of flame speed 
over burning velocity of 2.  The systematic-uncertainty range for the flames in tubes shown 
in Fig. 5 range from 1.5 times to 3 times the burning velocity. 

The wide scatter in burning-velocity estimates for gas-phase fuels was only reconciled with 
improved theories for the effect of flame stretch and curvature on the burning rates of these 
flames [1], [4]. In all cases, the measured reference flame speed in the counterflow or 
stagnation-flow geometries is higher than the laminar burning velocity, due to the fact that 
the flame preheat zone acts as a low pass filter that increases the reference flame speed 
even in cases where the flame speed at the reaction-zone surface is decreasing [19], [21]. 

More research, both experimental and theoretical, is needed to properly assess the effects 
of flame stretch on the observed flame speeds in a variety of flame geometries in 
nonvolatile particulate-fuel suspensions in a variety of oxidizing gases.  The counterflow 
heterogeneous flame apparatus used in the present work is a convenient system for 
assessing these effects, as has been done in the past for gaseous and liquid fuels. 

4. CONCLUSIONS 
This paper has demonstrated, for the first time, that flames of nonvolatile fuels, such as 
aluminum, can be stabilized in the counterflow flame geometry.  The stabilization of steady 
flames in this new geometry enabled the measurement of the velocity profile through the 
cold flow and flame zones using an effective Stokes time to compensate for the large 
particle inertia. The ability to stabilize flat, essentially one-dimensional, counterflow 
flames in nonvolatile fuel suspensions allows improved measurements of the flame 
structure and burning rates in such flames.   

The measured reference flame speeds from the rich aluminum flames investigated in this 
paper are compared to those esimated from previous studies using Bunsen flames, 
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spherically-propagating flames, and flames propagating in tubes.  Each of these 
experimental approaches has a degree of uncertainty associated with it, related to the effect 
of flame stretch and curvature, as well as the effects of incomplete fuel combustion and 
radiative heat loss.  Given these various uncertainties, the reasonable agreement between 
the reference flame speeds measured in the counterflow flames and the other techniques 
suggests that the concept of a laminar burning velocity may, indeed, be applicable to flames 
propagating through suspensions of nonvolatile fuels.  More work is needed to assess how 
such flames respond to hydrodynamic stretch and curvature.  Not only is the Lewis number 
not well defined for such heterogenous fuel-air mixtures, but additional effects, such as 
particle lag, are inherent to these flames and must be accounted for in any predictive model. 
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Chapter 3. Freely-propagating, large-scale aluminum flames in 
field tests 
 

1. INTRODUCTION 
The ever increasing role of modern technologies based on metal powders, such as powder 
metallurgy, chemical processing, plasma spraying, etc., and the rapidly increasing scale 
of metal powder production are overshadowed by the increased human and material cost 
of accidents caused by metal dust explosions [1].  In spite of the strong impetus to 
implement state-of-the-art preventive measures to mitigate accidents, the progress in this 
field has been relatively slow in comparison to other branches of preventive science.  The 
slow progress in prevention of metal dust explosions reflects the relatively 
underdeveloped state of combustion science in this field in contrast to the impressive 
progress achieved in understanding the physics and chemistry of homogeneous gas 
flames.  

The primary reason for the slow progress in dust combustion science is rooted in the 
difficulties of extracting the fundamental combustion parameters, such as ignition 
temperature, burning velocity, flame quenching distance and flame structure, from 
laboratory experiments with metal dust clouds.  Traditionally, most dust combustion tests 
are performed in constant volume vessels. Though convenient for empirical testing, 
constant-volume bombs have limited or no optical access, and the pressure rise is the 
only parameter typically measured in most experiments.  The pressure history provides 
limited insight into the dust flame propagation since the deduction of the flame speed 
from the rate of pressure rise is neither accurate nor representative if the flame 
propagation deviates from the ideal picture of a spherically symmetric laminar flame[2], 
[3].  Some experiments have demonstrated that the residual turbulence induced in the 
mixture during the dust dispersal phase may have a considerable influence on flames 
ignited with short delay times after dispersal [4], [5]. Furthermore, the implementation of 
modern flame diagnostic techniques, such as emission and laser-absorption spectroscopy, 
is required to elucidate the flame structure and verify equilibrium calculations of flame 
temperatures against experimental values, which is difficult to accomplish in constant 
volume bombs.  

The current paper presents a new apparatus that permits the creation of unconfined dust 
clouds with a total volume in the range of 5-10 m3. 

 

2. EXPERIMENTAL APPARATUS 
Combustion experiments in large-scale aluminum dust clouds are performed using 

the dust dispersal device previously developed [6] and shown in Fig. 1 below. The 
apparatus is essentially a scaled-up version of the dust dispersal unit used with our 
laboratory Bunsen burner, as described by Soo et al. [7] and Julien et al. [8], and can create 
a large uniform column of suspended powder. Up to 1 kg of aluminum powder is initially 
loaded into the cylindrical cartridge having an inner diameter of about 5 cm and length of 
30 cm. During the dispersal process, the powder column is displaced upwards at constant 
speed by a pneumatic piston and is progressively de-agglomerated and entrained into the 
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vertical air flow generated by an impinging sonic annular air jet (or air-knife) at the top of 
the cartridge. All of the powder within the cartridge is dispersed within a time of less than 
1 second, as shown in Fig. 2, creating a vertical dust cloud about 4 m tall and 2 m wide 
near the top.  

Initial tests were performed at an outdoor test site [6], but it was necessary to initiate 
the flame propagation promptly during the latter stages of the dispersal process to avoid 
the displacement of the dust cloud by the ambient wind conditions. To provide a sufficient 
delay time between powder dispersal and ignition to allow the turbulence within the 
multiphase cloud to decay, quiescent ambient conditions are required.  Hence, the present 
experiments were performed indoors in the large-scale fire tower at the Fire Research 
Laboratory of the National Research Council of Canada (Mississippi Mills, Ontario, 
Canada). The tower is approximately 10 stories (35 m) high and has about 200 m2 of floor 
area. Two large, variable-area openings at the tower base allow the intake of outside air for 
ventilation and prevent any pressure build up during the flame propagation. The 
combustion products are vented through openings in the ceiling connected to a powerful 
ventilation system, which is operated only after the combustion event is completed to avoid 
disturbing the cloud formation and flame propagation.  

Cloud ignition is achieved with a small 2 g charge of black powder placed at the 
cloud base, which is initiated by an electrically-heated bridge wire. The ignition charge is 
placed on a mast to vary the height as the ignition delay times are adjusted. Another mast 
with two rows of bare junction K-type thermocouples with three different bead sizes 
(0.075, 0.0125 and 0.25 mm)  is placed close to the dispersal unit, with the thermocouple 
arms extending into the dust cloud axis to record the temperature history within the cloud 
during the passage of the flame. A Photron SA5 videocamera was used to record the flame 
propagation at 2,000 frames per second. The camera record and temperature measurements 
were synchronized using a photodiode signal from the ignition event.  

 

 

Figure 1. Schematics and photograph of the experimental rig for the large-scale dust cloud 
combustion tests. 
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Figure 2. Still frames of dust dispersion process for large-scale tests. 

Three different types of aluminum powders were used in the present investigation. 
The large-scale experiments were performed using either H-5 or H-10 aluminum powder 
manufactured by Valimet Inc. (Stockton, CA), which have a relatively spherical 
morphology as shown in Fig. 3. The large-scale experiments required large quantities of 
powders, such that the amount of Ampal 637 available was insufficient. The particle size 
distributions of Valimet H-5 and H-10 powders were obtained using a Malvern Mastersizer 
2000 are shown in Fig. 7, and have considerable overlap with the particle size distribution 
of Ampal 637 powder.   

The various test series within the balloons were performed with oxygen 
concentrations ranging from 15% to 100%. The oxygen is diluted with nitrogen, argon or 
helium to have different heat capacities and diffusivities while keeping the concentration 
of aluminum and oxygen constant. Oxidizing mixtures are prepared in a mixing tank by 
partial pressure. 
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Figure 3.  Electron microscope photographs and particle size distributions of Ample 637 and 
Valimet H5 and H10 aluminum powders. 

3. RESULTS AND DISCUSSION 
 

The progression of the flame front can be determined by tracing the location of the leading 
edge of the flame. Light scattered from the aluminum particles ahead of the flame makes 
it difficult to precisely determine the front boundary and this issue is accounted for in the 
experimental uncertainty. Figure 4 shows the vertical progression of the flame front. Figure 
5 shows the position of the flame front as a function of height for a vertical cross-section. 
The flame speed is found by a linear fit through these data points. As shown in Fig. 6, the 
average flame speed at different horizontal positions across the cloud varies by an 
insignificant amount. 
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Figure 4: Flame front progression over time. 

 

 

Figure 5: Flame front progression for a vertical section of the flame 

 

 

Figure 6: Calculated flame speed along the horizontal front 
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In total, six successful trials were performed in the field when the flame propagated 
without interruption from the bottom to the top of the cloud. The tests were performed 
with the spherical industrial aluminium powders H-5 and H-10 (Valimet Inc, CA) having 
median particle diameters d50 of 8.0 µm and 12.0 µm, respectively. The average residual 
vertical velocity of the powder jet after flow cut-off and ignition can be easily deduced 
from the video images and is found to be around 0.2 m/s. This value has already been 
subtracted from the measured flame speeds shown in Table 1.  

 

 

Table 1: Flame speed in large-scale aluminum dust clouds 

Trial Number Flame Speed(m/s) Aluminum Powder 

1 13 H-5 

2 12 H-5 

3 13 H-5 

4 10 H-5 

5 14 H-10 

6 10 H-10 

 

Experiments were also performed indoors, to prevent wind from interfering with the 
experiment. In total, 18 suscessful trials were performed indoors. Selected still frames 
from high-speed movies of the flame propagation event through the dust cloud are shown 
in Fig. 7. The top row shows images of the flame initiated with zero ignition delay time 
after dispersion. The bottom row shows a flame propagation event initiated with a 0.4 
second delay following the end of the dust dispersion process. Because the cloud 
continues to move upwards after the powder dispersal stops, the position of the ignition 
charge for the longest ignition delays is raised to 1 m above the dispersion nozzle, while, 
for zero-delay ignition, the igniter was positioned next to the dispersion nozzle exit. 
Attempts to increase the ignition delay time beyond 0.4 seconds were unsuccessful as the 
flame either did not propagate through the whole length of the cloud or was increasingly 
asymmetrical, indicating the development of strong fuel concentration gradients. The 
average aluminum concentration in the cloud is estimated by dividing the mass of the 
dispersed powder by the volume of the cloud at the end of dispersal process, derived from 
video images, and is found to be close to stoichiometric conditions for all large-scale 
tests. 
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Figure 7. Still frames of flames ignited without delay (top) and with 0.4 seconds delay (bottom) after the 
end of the dust dispersion process for Valimet H-5 powder and a concentration around stoichiometry. 

The procedure for obtaining the flame propagation speed from the high-speed movies is 
described in detail in and is based on tracking and averaging the flame movement through 
individual columns of vertical pixels of the images. Some fraction of the observed flame 
propagation velocity is induced by the buoyancy forces lifting the  combustion products 
upwards. The buoyancy-induced flame speed is estimated by tracking the upward 
movement of the combustion products after the flame reaches the top of the cloud, which 
was found to be in the range of 2.5 ± 1 m/s.  The average flame speed values measured in 
H-5 and H-10 aluminum dust clouds at different ignition delay times, reduced by the 
speed induced by buoyancy, are shown in Fig. 8.  The error bars are the sum of the 
standard deviations of the flame measurements and the buoyancy-induced speeds. As in 
the balloon experiments, the flame propagation in large dust clouds is strongly influenced 
by the initial turbulence induced by the dust dispersal process. However, as can be seen 
from Fig. 8, the influence of turbulence is significantly reduced with a delay time 
between the end of the powder dispersal and the ignition event of 0.3-0.4 seconds. 

 

Figure 8.  Flame speed as a function of mixture ignition delay time in dust clouds of H-5 and H-10 Valimet 
aluminum powders for aluminum concentrations around stoichiometry. 
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Mixture pre-heating by radiation 

A typical result illustrating the temperature history in the dust cloud prior to the arrival of 
the flame front, recorded by the array of three thermocouples of different sizes, is shown 
in Fig. 9.  Starting from the bottom curve to the top, the three temperature traces 
represent the output signals from thermocouples with junction diameters of 0.25, 0.125 
and 0.075 mm, respectively. The top temperature trace is derived by extrapolating the 
temperature signals from thermocouples at each moment in time to the signal that would 
be produced by a “zero-sized junction” thermocouple with no thermal inertia, indicative 
of the gas-phase temperature. The two different slopes of the gas temperature curve 
indicate preheating of the reactants by the absorbed radiative flux emitted by the flame 
and the combustion products, followed by the rapid heating via molecular heat diffusion 
with the arrival of the flame front. The maximum temperature attained by the mixture due 
to radiative heating is indicated in Fig. 9 by a dashed line and was below 200 °C in all 
experiments. The test facility was not heated and, therefore, the initial temperature of 0 
°C corresponds to the room temperature during the tests. 

 

 

Figure 9 Temperature traces as a function of time for different size thermocouples ahead of the flame front 
(dashed lines). The solid line represents signal extrapolation to “zero-size” thermocouple. Powder H-5, 0.3 
sec ignition delay time and an aluminum concentration around stoichiometry. 

As mentioned above, the good agreement between the burning velocities derived from 
experiments with small-scale aluminium clouds having characteristic sizes from cm’s 
(Bunsen dust flames) to tens of cm’s  (balloon experiments) confirms the applicability of 
the burning velocity notion towards small-scale dust flames. The absence of an increase 
in velocity with an increase in the scale of the flame over this range indicates that the 
effects of radiative heat transfer are negligible for small-scale dust clouds. Indeed, 
estimations show that the free path length of radiation in a stoichiometric aluminium dust 
cloud with Ampal aluminium powder is around 10 cm and that the absorption length is 
probably even larger, so that the absorption of radiation emitted by the flame and 



50 
 

combustion products in the laboratory-scale dust clouds is effectively negligible. The 
radiation in such clouds acts essentially as a heat loss mechanism, similar to gas flames 
and, thus, can only lead to a decrease in flame speed. 

However, the characteristic size of the dust cloud in the field experiments is much larger 
than the effective radiation absorption length, thereby ensuring that the radiation emitted 
by the aluminium flame front and the hot condensed combustion products will be 
absorbed by the fresh unburnt dust suspension. Thus, at first glance, the observed six-fold 
increase in flame speed in the field tests in comparison to the laboratory experiments 
might be considered as evidence that the flame is driven by radiative heat transfer. 
Simple estimations shown below, however, clearly demonstrate that the radiation alone is 
insufficient to explain the observed difference in flame speeds. Recent calculations [9] of 
the integral emissivity coefficient ε from  an infinite optically-thick layer of 0.5 micron 
aluminium oxide particles, which are the primary radiation emitters in aluminium flames, 
estimates its value at about 0.3 at 3000 K.  The flame at this temperature can then emit a 
maximum radiation flux  of about W = 1.4×106 W/m2. Because the particle 
residence time within the radiation heating zone / 	(where l is radiation absorption 
length and V is the flame speed) is at least an order of magnitude longer than the 
characteristic time of the heat exchange between 5 micron particles and the gas, the 
suspension is uniformly heated by the absorbed radiation as a whole. Thus the maximum 
temperature increase of the aluminium suspension due to radiation absorption can be 
estimated from the energy balance between the enthalpy of the incoming dust flow and 

radiation flux, ie., Δ . The estimations show that at the observed flame 

speeds of 10-12 m/s, the radiation preheating of the mixture would not exceed 100 K. 
Such a small preheating is unable to provide a sufficient increase in the aluminium flame 
burning rate, irrespective of whether the particles burn in a kinetic or diffusive mode. 
This suggests that some other mechanism(s) besides radiative heating may be responsible 
for the observed high-speed flames in the field tests.  

One possible mechanism is associated with the residual large-scale eddy turbulence 
within the dust cloud. The high-speed videos of the dust dispersal process in the field 
tests provide clear evidence of the formation of large-scale eddies generated by the high-
speed submerged dust dispersal jet. Unlike the small-scale turbulence that quickly 
dissipates after the termination of the dispersal flow due to viscous momentum losses 
within two-phase media, the large eddy turbulence is more persistent. The motion of the 
eddies continues for several seconds after the powder is dispersed albeit with diminishing 
flow speeds. As was demonstrated in the theoretical work by Kagan and Sivashinsky 
[10], even low-speed large-eddy turbulence is capable of more than an order of 
magnitude increase in the flame speed largely due to the increase of the flame surface 
area.  

Another process that might lead to the increase of the flame propagation speed is specific 
to dust combustion and may be referred to as a “frozen turbulence” effect. Large eddies 
created during the dust dispersal process with a submerged jet are accompanied by the 
entrainment of large amounts of surrounding air into the resulting dust cloud [11]. This 
leads to a stratification of the dust concentration within the jet with alternating areas of 
high and low dust concentration. Such stratification persists long after the decay of any 
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turbulence due to the effectively zero diffusivity of the particulate fuel. A complex 
pattern of dust concentration fluctuations results in a spatially fluctuating burning 
interface which may lead to the appearance of a corrugated flame having an average 
flame speed greater than that of a freely propagating flat flame.  

4. CONCLUSIONS 

Of course, without direct experimental verification the proposed explanations of the effect 
of “live” and “frozen” large-scale eddy turbulence as a possible cause for the observed 
flame speed increase are unsubstantiated. One possible verification procedure would be to 
introduce longer delay times from the end of dust dispersal to the time of ignition of the 
cloud, giving the dynamic or “live” large-eddy turbulence additional time to decay. This 
would, however, require performing the experiments with unconfined dust clouds within a 
large-scale enclosure that would eliminate the influence of the weather (in particular the 
wind) on the stability of the dust cloud. Direct measurements of the temperature history at 
various locations within the cloud are also required to confirm estimations of the absence 
of a noticeable radiative preheating in the flame. Such experiments are already under 
preparation stage and will be performed in the near future. 
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Chapter 4. Effect of initial temperature and radiation on burning 
velocity 
 

1. INTRODUCTION 
Clear cold gases are generally transparent to thermal radiation and the radiation emitted by 
gaseous flames is thus not absorbed by the gas mixture ahead of the flame and results in 
heat loss.  However, if the combustible gas is seeded with solid particles or a flame 
propagates in a cloud of a combustible solid fuel particles, the radiation emitted by the 
flame can be potentially re-absorbed by the upstream gas-particle mixture.  The radiative 
heat transfer, which is in addition to molecular conductive heat transfer, may influence the 
flame propagation mechanism.  This was first realized almost a century ago by Nusselt [1], 
who estimated the speed of a radiation-driven flame in a coal dust suspension by simply 
equalizing the black body radiation emitted by the flame with the heat flux required to heat 
the mixture to some postulated “ignition” temperature. His estimations predicted that 
radiation would have a dominant role for flames in coal dust clouds and that the 
corresponding flame speeds would be very high.  Several efforts to model the propagation 
of dust flames including radiative heat transfer were attempted during the 1970’s and 
1980’s. Todes et al. [2] departed from Nusselt’s black body assumption by introducing a 
dependence of the flame optical thickness, and therefore its emissivity, on flame speed and 
particle size. They also considered a temperature difference between particles heated by 
the absorbed radiation and the gas in the flame preheat zone. This model predicted that the 
speed of a radiation-driven flame increases with particle size reaching values above 10 m/s  
with a flame thickness of several meters in suspensions of very large particles (~100’s 
microns in size).  More realistic numerical models for the flame propagation including both 
radiative and molecular heat transfer were developed by Ozerova and Stepanov [3] and 
Krazinski [4] and predicted moderate flame speeds in the range of 0.3 – 1.5 m/s in coal 
dust clouds which the authors attempted to correlate with some limited experimental 
observations. Joulin and Deshaies  [5], Yoshio et al. [6], and Joulin and Eudier [7] have 
modeled the energy transfer in flames propagating through gases seeded with inert particles 
and  in combustible dust suspensions by considering both molecular heat conductivity and 
radiation. They emphasized that radiative heat transfer actually leads to an accumulation 
of excess enthalpy within the combustion zone leading to super-adiabatic flame 
temperatures that may extend the flame propagation limits. 

Previous experimental work on radiative effects in dust-air flames  

In spite of the large amount of effort carried out to investigate dust-air flames, direct 
evidence of the effects of radiation, let alone a systematic comparison of model predictions 
with experimental results for dust flames, has been, until recently, practically absent from 
the literature.  With the lack of direct evidence of the role of radiative heat transfer in dust 
flames, some authors have ironically viewed the observed departure of the dust flame 
behavior from predictions by some simplified models based only on molecular 
conductivity, as evidence of the effects of radiation while ignoring possible alternative 
explanations. For example, Cassel [8] regarded the low ratio of flame speeds in aluminum-
air mixtures with argon and helium diluants, in comparison with predictions from models 
based on molecular conductivity, as evidence for the role of radiative heat transfer. This 
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effect, however, was recently attributed to the change of the particle combustion mode 
from a predominantly diffusive-controlled mode with argon to a primarily kinetically-
controlled particle combustion mode in helium mixtures [9]. The increase of the flame 
speed with particle size in magnesium mixtures burning in tubes observed in [10] was also 
regarded as evidence of the dominant role of  radiation heating while, in fact, it is caused, 
as shown in [11], by the appearance of convective recirculation cells driven by gravitational 
settling of large dust particles through the gas in the tube. Similarly, elevated flame speeds 
propagating through coal dust clouds in small enclosures in comparison to burners were 
regarded in [4] as a manifestation of radiation effects. 

The common error of the work cited above, as well as in many other studies present 
throughout the relevant literature, is a disregard for the fact that the scale of the 
experimental apparatus used in the dust combustion experiments has been, in general, too 
small to exhibit augmented flames speeds from radiation effects. Indeed, in order for the 
radiation emitted by the flame to be absorbed by the cold mixture, the characteristic size of 
the dust cloud ahead of the flame needs to be larger than the characteristic length for 
radiation absorption. The characteristic size for flame in tubes is the tube radius (not the 
tube length!) and for different types of burners it is usually the nozzle diameter. Elementary 
estimations show that the tube diameters and burner sizes in the work cited above are much 
smaller even than the radiation free-path-length, i.e., the distance travelled by a photon 
before it is absorbed or scattered by the particles within the medium. Due to elastic photon 
scattering and diffraction around small particles, the absorption cross section of small 
micron-sized particles (i.e., the ratio of the radiation absorption coefficient to the 
geometrical cross section of the particle) is much smaller than unity in the near-infrared 
wavelength region typical of radiation at flame temperatures. Consequently, the effective 
absorption length of the thermal radiation can be several times longer than the photon free-
path-length [12], making the suspensions in the work cited above, and as a matter of fact 
in the majority of laboratory-scale dust combustion experiments known in the literature, 
effectively transparent to radiation. Only recently has the radiation preheating ahead of the 
propagating flame been unambiguously documented in recent field experiments with large-
scale aluminum dust clouds [12]. The relationship between molecular conduction and 
radiative heat transfer in flames propagating in large-scale metal dust clouds and a possible 
simplified approach for modeling such flames is discussed below. 

Separation of radiation and molecular heat transfer scales in metal dust flames 

As described in previous work [12], [13], the aluminum dust clouds created in field 
experiments are typically about 4 m tall and 1.5 – 2 m wide which  allows complete capture 
of the thermal radiation emitted by the flame front within the fresh mixture upstream of the 
flame. Indeed, a simple geometrical estimation of the radiation free-path-length, based on 
the assumption that the extinction cross section of the particle (i.e., the sum of the 
absorption and scattering cross sections) is close to one, gives a value for the photon free-
path-length of about 7 cm, based on the estimated dust cloud parameters, i.e., an aluminum 
concentration of about 300 g/m3 and an average particle size for Valimet H-10 Al powder 
of about 12 µm. As indicated by the temperature traces for a thermocouple array positioned 
in a dust cloud ahead of the flame front (see Fig.1), the noticeable temperature rise starts 
about 0.12 s prior to the arrival of the flame. Taking into account the average flame speed 
relative to the stationary thermocouple of about 2 m/s [12], this corresponds to a radiation 
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heating length of about 25 cm, i.e., more than three times longer than the radiation free-
path-length derived from geometrical assumptions for the blackbody particles. This not 
surprising as data found in the literature indicate very small absorption cross sections for 
micron-sized metal particles in the IR region [14]. 

The scale of the flame molecular heat conductivity in the flame is on the order of α/Su, 
where α [cm2/s] is the gas heat diffusivity and Su [cm/s] is the flame burning velocity. 
Burning velocities in aluminum dust suspensions of similar size measured with aluminum 
Bunsen flames [15] are in the range of 18 – 25 cm/s. Thus the width of the molecular heat 
conductivity zone can be estimated to be on the order of 0.1 cm. Due to the more than two 
orders of magnitude difference in the characteristic length scales, the problems of radiation 
and conductive heating thus become spatially separated, i.e., molecular heat conductivity 
is negligible within the radiation heating zone whereas radiative heat transfer can be 
considered negligible within the molecular heating zone. Estimations also show that in 
spite of the nanosized oxide particles formed during aluminum combustion, the aluminum 
reaction zone is also largely transparent to radiation due to its small thickness (2 – 5 mm 
[15]) and the extremely low radiation absorption cross section of aluminum oxide particles 
([16], [17] and see below). The separation of the radiation and heat conductivity scales is 
schematically illustrated in Fig. 2. Since radiative heat flux can propagate irrespective of 
the sign of the temperature gradient, the flame temperature Tf as shown in [5], [7] can be 
higher than adiabatic flame temperature Tad. 

 

 
Fig. 7: Radiative preheating of gas ahead of flame in large-scale dust flames. 
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Fig. 2: Schematic of thermal structure of dust flame illustrating radiative heating and cooling. 

Separation of the spatial scales of radiation and molecular heat transfer means that the role 
of radiation in flame propagation can be reduced to the problem of the response of the inner 
flame driven by molecular heat conductivity to the change of the mixture temperature due 
to radiation preheating. Although the preheating by about 170 K measured in the above-
mentioned field experiments might be considered small in relation to the aluminum flame 
combustion temperature which is in the range of 3000 – 3500 K [18], it  considerably 
effects the flame speed due to the strong sensitivity of the flame to preheating, as shown  
below. Information regarding the influence of the initial suspension temperature on the 
flame burning velocity in aluminum dust clouds, and as a matter of fact for dust flames in 
general, is practically nonexistent in the literature, with the notable exception of the 
unpublished data cited in earlier publications [19]. The dependence of burning velocity on 
the initial temperature of an aluminum-air suspension was determined experimentally 
using a modified dust burner apparatus permitting stabilization of Bunsen-type dust flames 
[15], [20]–[22]. In-situ measurements were also performed to measure the effective flame 
radiation temperature and estimate the effective flame emissivity. This, together with a 
knowledge of the effect of initial mixture temperature on the flame propagation speed 
allows the estimation of the radiation effects on flame speed in experimental configurations 
different from above. 

2. EXPERIMENTAL APPARATUS 

Experimental apparatus and aluminum powder 

Measurements of the burning velocity at different initial temperatures of the aluminum-air 
suspension were performed with a modified version of the “dust burner” apparatus 
described in detail in previous publications [15], [20]–[22]. The aluminum suspension was 
preheated by passing the two-phase flow, as shown in Fig. 3, through an 80 cm long, 2.5 
cm OD stainless steel tube heated by two tubular electrical heaters with a total power of 
about 600 W. 
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Fig. 3: Schematic of experimental dust flame apparatus showing preheat section and nozzle. 
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Fig. 4: Particle size distribution and scanning electron micrograph of Valimet H-2 Al powder. 

The measurement of the temperature profile across the exit nozzle diameter (D=18 cm) by 
a thermocouple indicated that the temperature profile was nearly flat with the temperature 
starting to drop only about 7-8 mm from the nozzle centerline.  The spherical H-2 
aluminum powder produced by Valimet Inc. (Stockton, CA) used in the experiments has a 
reported purity of 99.7% and a particle size distribution as shown in Fig. 4. 

Validating the method with methane-air flames 

In order to validate the method and verify its accuracy, benchmark experiments were 
performed with stoichiometric methane-air mixtures whose burning velocity dependence 
on preheating is well documented in the literature [23]–[25]. The burning velocity was 
determined by dividing the known flow rate of the mixture through the nozzle by the 
surface area of the inner Bunsen flame cone.  The surface area of the Bunsen flame was 
determined from digital images of the flame processed with custom routines using 
MATLAB. The results of the experimental measurements are shown in Fig. 5 in 
comparison with data from the literature and calculations of the burning velocity performed 
with the Cantera software using the reduced drm-19 mechanism developed by Kazakov 
and Frenklach (Kazakov and Frenklach). 
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Fig. 5: Burning velocity as a function of upstream gas temperature. 

The observed correlation between experimental data from the literature, Cantera 
calculations and the current experimental data can be considered satisfactory taking into 
account the lower accuracy of the Bunsen flame method in comparison with the flat flame 
burners used for more accurate measurements [27], [28]. The obtained dependence can be 

interpolated with good accuracy by the power law function  1.6

0 0v v T T , where v0 is the 

burning velocity at the room temperature T0.  There is general agreement in the literature 
[27], [28] that the flame speed in gases increases with preheating mostly due to the 
corresponding increase of the flame temperature that has a strong influence on the burning 
velocity because of the high activation energies of the Arrhenius  reactions controlling the 
combustion in hydrocarbon gas flames [28]. 

3. RESULTS AND DISCUSSION 
Fig. 6 shows photographs of conical Bunsen-type flames in aluminum-air mixtures 
stabilized with approximately equal mass flow rates but at different gas temperatures. The 
reduction in the size of the flame cones (and hence the flame surface area) unambiguously 
indicates that dependence of the burning velocity on the initial mixture temperature is 
stronger than a linear function (increase in temperature resulting in decreased density), for 
which the cone size would not change. 
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Fig. 6: Stabilized aluminum-air dust flames as a function of upstream gas temperature. 

 

Indeed, experimental results from this work, as well as results that were cited in [19] from 
unpublished sources show, as can be seen from Fig. 7,  that the dependence of burning 
velocity on mixture temperature is as strong as, if not stronger than, for methane-air 
mixtures. The large scatter in the results is due to difficulties in properly defining the 
borders of the inner flame because of light scattering by aluminum particles as well as 
asymmetry of the flames. 

 

 
Fig. 7: Normalized flame speed as a function of normalized temperature for Al-air flames. 

 

The strong influence of the relatively low levels of pre-heating on flame speeds in the 
aluminum-air suspensions is surprising as, unlike for methane-air flames, preheating has 
practically no influence on the adiabatic flame temperature in the aluminum mixture (see 
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Fig. 7). The independence of the aluminum flame temperature on preheating is due to the 
formation of the solid aluminum oxide whose evaporation/decomposition effectively 
stabilizes the temperature of the flame [29]. 

 

 
Fig. 8: Effect of initial gas temperature on adiabatic flame temperature for methane-air and Al-
air flames. 

 

With the lack of change in the aluminum flame temperature, reaction kinetics may be ruled 
out as an explanation of the observed strong effect of the mixture preheating on flame 
speed. Estimations show that for the case in which aluminum particles ignite and 
subsequently burn in the combustion regime controlled by oxygen diffusion, the expected 
dependence is, however, expected to be stronger than for kinetically-limited combustion. 

Indeed, the estimation of the flame speed in case of particle ignition1 can derived from the 
energy balance between the preheat and combustion zones by assuming a linear 
temperature profile in the combustion zone [8]: 
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Here c is the total mixture heat capacity, c is the particle combustion time and  is the 
heat conductivity of the gas in the combustion zone. From (1) the estimation of the relative 

                                                              
1 The notion of ignition temperature can be used only for purposes of rough estimations. More 

properly named as a reaction onset temperature in flame it, in general, is not only a function of 

particles concentration but also the flame speed [31].   
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flame speed increase with preheating gives: 0 0( ) ( )i iv v T T T T    . The corresponding 

estimated dependence plotted on Fig. 7 shows that only very low values of Ti of about 600 
K may explain the strong dependence found experimentally. Reaction onset temperatures 
as low as 1000 K were recorded in experiments of clouds of small aluminum particles 
behind shock waves [30] and are attributed to a cooperative heating effect [31].   

On the basis of the experimental data, the relative increase of the burning velocity with a 
mixture preheating of about 170°C gives a factor of about 2 – 2.4.  This estimate correlates 
with present Bunsen flame measurement of the burning velocity of about 22 cm/s at room 
temperature and a propagation velocity of the flame front relatively to unburned mixture 
estimated from field experiments of about 50 – 60 cm/s. 

In situ measurements of the flame temperature and estimation of its effective emissivity 

Flame temperature measurements were performed during large-scale field experiments, as 
described in Julien et al. (2015a, 2015b). The aluminum cloud measures roughly 2m in 
width and 4m in height and Fig. 9 shows still-frames from the fireball resulting from the 
aluminum combustion. 

 

 

Fig. 9: Visible radiation from a flame propagating through a large-scale aluminium (12 µm Valimet H-10 
powder)-air dust cloud. Time between frames is 125 ms. 

 

The temperature of the aluminum flame was derived from AlO molecular spectra. Light 
from three equidistant locations 0.5 m apart, perpendicular to the incoming flame front, 
was transmitted by multimode fibers (0.4 mm dia) to the entrance slit of a customized f/5 
imaging, Czerny-Turner spectrometer. The fibers were coupled along the slit such that the 
light from each fiber was spatially separated on the spectrometer image plane. The 
spectrometer was coupled to a high speed SA-5 Photron digital videocamera filming 
spectra at 2000 frames/s. Using a 300 gr/mm grating, the spectrometer resolution was about 
0.15 nm with a spectral range of about 130 nm covering the entire AlO emission band. The 
resulting integrated spectrum signal from a fiber and the corresponding theoretically 
calculated spectrum corresponding to a temperature for several different frames is shown 
if Fig. 10. 
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Fig. 10: Experimental and fitted theoretical AlO spectra at a single temperature from a single fiber for 
different points in time after dispersion, each 5 ms apart.  

 

The measured flame temperatures are in the range of 2900 – 3000 K which is about 300 K 
lower that temperatures measured from a Bunsen aluminum flame by the same method. 
The difference can be attributed to the experimental uncertainty of the measurement, which 
is on the order of a few hundred Kelvin. 

The effective flame radiation emissivity  can be estimated by equating the radiation heat 
flux emitted by the flame with the increase of the flow enthalpy due to preheating by 
radiation 4c v T T   .  Here we assume that all radiation is completely absorbed by the 
incoming reactant mixture and neglect back-and-forth radiation reflections between the 
aluminum cloud and combustion products. We also assume that the particles and gas have 
the same temperature since the characteristic time for radiative heating is on the order of 
about hundred milliseconds, which is much longer than the characteristic time for heat 
exchange between the micron-sized particles and gas of a few milliseconds. The 
estimations give a very low value of the flame emissivity of about 0.03. This is about an 
order of magnitude smaller than the recent theoretical calculations performed by 
Dombrovsky [32] for the emissivity of an infinite cloud of 1µm molten alumina particles 
at 3000 K. The difference can be attributed to the actual size of the nanoscale aluminum 
oxide particles typically generated in an aluminum dust flame (~100 nm according to Plass 
(1965, 1964)), which hence corresponds to much smaller individual absorption cross 
sections.  The other factor is the generally non-isothermal character of the post-flame 
region due to the forward radiation heat loss and convective cooling. 

In spite of the approximate nature of the above estimate of flame emissivity, the estimated 
value, together with the known sensitivity of the conductive flame to the mixture preheat, 
can be used to estimate flame speeds in aluminum dust clouds for experimental 
configurations that differ from the field experiments cited in this work. We have to note, 
however, that because of the long range of radiative heat transfer, the problem of radiation 
heating generally cannot be decoupled from the flow problem. Thus 1-D flame 
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formulations calculating a flame “burning velocity” as well as the very notion of a 
fundamental “burning velocity” have little practical merit for flames with strong radiation 
heat transfer effects. 

4. CONCLUSIONS 

The radiation emissivity of the aluminum dust flame is estimated using in-situ 
measurements of the flame front temperatures and mixture preheating by the thermocouple 
array. In spite of low flame emissivity estimated to be on the order of  5 × 10-2   resulting 
in mixture heating by radiation to only 150 °C it practically doubles the flame burning 
velocity due to its strong sensitivity to the initial mixture temperature as is demonstrated 
in laboratory experiments with stationary Bunsen type aluminum dust flames.  
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Section 2. Flames in hybrid mixtures of metal powders and 
methane 
 

Chapter 1. Hybrid flames of aluminum and methane on a Bunsen 
burner 
 

1. INTRODUCTION 
Combustion of metal particulate suspensions in the products of hydrocarbon flames 

occurs in metalized slurry fuels [1], metalized propellants [2, 3], solid and fuel-air 
metalized explosives [4, 5], in technological processes including reactive particle spray 
deposition [6] and the synthesis of nano-oxides [7], as well as in industrial accidents. The 
extensive literature accumulated over more than fifty years of research on metal 
combustion is primarily dedicated to the experimental study and theoretical modeling of 
the ignition and combustion of a single isolated metal particle, including the effect of 
different pressures, temperatures and oxidizing environments [8]. Due to experimental 
limitations, the majority of studies were performed with relatively large particles, ranging 
from tens to even hundreds of microns in size; whereas, in practical applications, the size 
of particles is often in the micron-size range. Recent work has pointed out that the 
extrapolation of results obtained for large particles to particles of smaller size might not 
always be appropriate due to a possible change in the combustion regime with a reduction 
in particle size; that is, a transition from combustion controlled by the diffusion of oxygen 
or other oxidizing gases to a combustion mode limited by the reaction kinetics [9].  

 
The present study investigates yet another factor that impedes the application of the 

isolated single particle approach for the prediction of metal combustion characteristics in 
real systems with large metal content. The combustion of metal particles in such systems 
occurs within relatively-dense dust clouds and, therefore, can be a frontal phenomenon 
analogous to a gas flame. The experimental results presented in this paper demonstrate that 
the formation of a flame front within a metal particle cloud and the subsequent 
characteristics of the combustion front cannot be predicted by direct extrapolation of data 
obtained with isolated single particles. The generation of heat within the dust flame front 
and the consumption of the oxidizer not only continuously modify the combustion 
environment around the burning particles, but also influence the flow conditions upstream 
of the metal flame front via molecular or turbulent diffusion of heat and gaseous species. 
Due to heat transfer to the flow upstream of the metal dust combustion front, the conditions 
for particle combustion may be sustained without relying solely on the heat provided by 
the hydrocarbon flame, as would be the case for a single particle. In fact, metal dust flames 
in micron-sized suspensions can self-stabilize in a cold flow, without any hydrocarbon fuel 
source, with flame speeds comparable to those of hydrocarbon fuels. This technique was 
first demonstrated by Cassel [10] and reproduced in more recent work [11, 12].   

 
In the current investigation, the formation of a stabilized, aluminum dust-cloud flame in 
the products of a hydrocarbon flame is studied experimentally by seeding premixed 
methane Bunsen flames with micron-sized aluminum particles. The first results of this 
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investigation unambiguously demonstrated that, as the concentration of aluminum particles 
increases, an aluminum dust flame forms rapidly above some critical value of metal mass 
loading [13]. In the present work, the combustion characteristics of the metal dust flame 
are studied for flames with and without excess oxygen, and are nvestigated with the use of 
more accurate and detailed flame diagnostics.  In particular, spatially-resolved emission 
spectroscopy is synchronized with optical dust concentration monitoring, allowing the 
direct correlation between flame temperature and aluminum mass concentration.  In 
addition to the condensed phase temperature derived from the continuous spectra, a 
temperature is also obtained by fitting the emission spectrum of AlO, a gas phase 
intermediate, to a simulated spectrum.  Comparison of the solid phase and AlO 
temperatures is used to shed light on the combustion mechanism.   The dependence of the 
burning velocity, or laminar flame speed, of the mixture as a function of aluminum particle 
concentration is compared with similar measurements with inert silicon carbide (SiC) 
particles to determine the concentration at which the heat release from the aluminum 
combustion significantly influences the flame speed. The condensed flame products are 
also collected at different alumium loadings, corresponding to different combustion 
regimes, before and after the formation of an aluminum flame front.  Products are 
chemically analyzed to determine the fraction of aluminum remaining and transmission 
electron microscopy (TEM) is used to determine the particle morphology.  Finally, a 
simplified theoretical estimation, based on the Frank-Kamenetskii approach, is presented 
to describe the conditions under which the methane and aluminum flames may be coupled.  
The aluminum particle concentration for which coupling is predicted to occur is consistent 
with the experimental results. A key characteristic of the new theoretical estimation is that 
the aluminum combustion 

2. EXPERIMENTAL APPARATUS 
A schematic of the hybrid gaseous-dust fuel burner is shown in Fig. 1.  The burner was 
specifically assembled for the current experiments on methane-aluminum mixtures and has 
several new design elements compared to the previous dust burner that was used to study 
stabilized pure aluminum dust flames [11]. The new apparatus has the capability of 
dispersing a variety of micron-sized powders in any gaseous mixture. The premixed 
methane-air flow is seeded with aluminum particles using a dust dispersion system 
described previously [11, 14]. The powder is continuously fed via a syringe-type feeder 
and dispersed using a supersonic jet from an annular 50 micron slot. The initially highly-
turbulent flow is expanded in a low angle conical diffuser and laminarized in a 60 cm long, 
2.2 cm inner diameter flow tube before exiting through a conical nozzle with an exit 
diameter of 12 mm. The co-flow assembly surrounding the nozzle provides a coaxial flow 
of air or inert gases at the same speed as the combustible mixture. The flow rate through 
the nozzle is regulated by diverting part of the flow through a side tube using an ejector 
system (see Fig. 1). The ejector was calibrated using pure oxygen as the main flow and 
nitrogen as an ejecting flow and measuring the oxygen concentration at the exit of the 
bypass tube. The combustible flow is ignited at the nozzle exit by a remotely-operated 
propane-oxygen torch.  
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Fig. 8 Schematics of the dust burner (left) and set up for calibrating the light attenuation probe (right). 

 

Aluminum Powder 

The Ampal 637 micron-sized aluminum powder used in the present experiments is 
composed of spheroidal or nodular aluminum particles having a Sauter mean diameter (d32) 

of about 6.5 μm. This  powder came from the same large batch that was used in previous 
experiments with aluminum dust cloud flames [11, 12, 14]. The consistent use of the same 
powder allows the results for the hybrid mixtures obtained in the current paper to be 
quantitatively compared to the previous results for pure aluminum-air flames.  The 
scanning electron microscope (SEM) image of the powder shown in Fig. 2 illustrates the 
size and morphology of the particles.  Fig. 2 also shows the particle size distribution 
obtained with a Malvern Mastersizer 2000.   
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Fig. 9 SEM photograph (left) and volumetric particle size distribution (right) of Ampal-637 aluminum 
powder. 

 

Dust concentration measurements and monitoring 

The concentration of aluminum particles in the flow is continuously monitored by a laser 
light attenuation probe. A 5 mW diode laser emits a beam that is expanded through 
cylindrical lenses and collimated to a 3x6 mm rectangular-shaped laser sheet before being 
transmitted directly through the burner nozzle, as shown in Fig. 1B. The rectangular slits 
on the nozzle walls are covered with transparent, high-temperature, optically-clear Teflon 
tape and the special nozzle geometry, which includes a wider cone angle above the slit, 
prevents dust deposition on the inner side of the tape. After attenuation from the dust flow, 
the laser beam is focused onto a photodiode, which is protected from the intense flame 
illumination by a narrow bandpass filter of the same wavelength as the laser light (633 nm) 
and a spatial filter. The signal from the photodiode is recorded by a data acquisition system.  

The laser-light-attenuation probe is calibrated by pulling the two-phase flow through a 
stack of several fine particulate filters using a vacuum, and collecting the dust for 
approximately 5 seconds. The dust concentration in the flow is calculated by dividing the 
mass of aluminum by the total volume of the gas that passed through the nozzle for the 
same period of time. The light attenuation probe calibration for the aluminum powder used 
in the present experiments is shown in Fig. 3, which also includes the two-sigma prediction 
band for measurements (dash lines) and the uncertainty band for the resulting calibration 
curve (shaded area). 
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Fig. 10 Calibration of the light attenuation probe versus dust concentration. Dash lines show the prediction 
band for new measurements and the shaded area indicates the uncertainty (3 standard deviations) for the 
resulting calibration. 

 

Flame Photography and Spectroscopy  

A high-resolution digital camera equipped with a macro lens and a variable neutral density 
filter is used to image the flames. The camera hot-shoe adapter is connected to a battery to 
generate a signal at the time of the photograph that can be correlated, on the data acquisition 
record, with a particular value of aluminum dust concentration. A high-speed digital video 
camera allows the flame behaviour in the transition regime to be monitored with a framing 
rate of 300 frames per second. 

Spatially-resolved flame emission spectra are obtained using an opto-mechanical scanning 
system similar to the one used in our previous work for the study of aluminum dust flames 
[11]. The telescopic system focuses the magnified flame image on the film plane of a SLR 
camera with a magnification ratio of 1:1.5. The fiber optic cable installed in the center of 
the image plane of the SLR camera transmits the optical signal to a miniature diffraction 
spectrometer. The scanning of the flame image across the entrance of the telescopic system 
is performed by a rotating flat mirror and a step motor. The step signal driving the motor 
triggers the spectrometer acquisition and allows the spectrum acquired at each step to be 
correlated with the instantaneous aluminum mass concentration. The spatial resolution of 
the system varies between 0.15 mm and 0.6 mm to accommodate the different flame 
luminosities and different spectrometers used.  Two Ocean Optics Inc. miniature 
spectrometers with fiber optic inlets are used. The first, an Ocean Optics USB-4000 
spectrometer, with a spectral resolution of 2.5 nm and a spectral range from 350 nm to 
1100 nm, has no entrance slit and is coupled to a 100 μm fiber optic cable. Data from this 
spectrometer is analyzed to derive the flame temperature from the continuous part of the 
spectrum. The second spectrometer, an Ocean Optics HR-4000, with a spectral resolution 
of up to 0.02 nm in the range of 200 nm-1100 nm (depending on the grating installed), has 
an entrance slit of about 8 microns and is coupled to a 600 µm optical fiber.  This 
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spectrometer provides the necessary spectral resolution to fit an AlO vibrational band to a 
temperature. .  The top view of the optical diagnostic set up is shown in Fig. 4. 

 

 

 

Fig. 11 Schematic of the optical diagnostic apparatus. 

 

The position of the flame front is located by the maximum intensity of the spectral signal 
determined from each set of scans across the flame cone. The temperature of the condensed 
emitters in the flame front is derived by fitting the continuous part of the spectra to Planck’s 
law of blackbody radiation. As in Ref. [12], it is assumed that the prime emitters of the 
continuous spectra are aluminum oxide particles whose spectral emissivity is assumed to 
be proportional to the inverse of the square of the wavelength (1/)2. The estimated 
accuracy of the method is approximately 50 K at low flame temperatures and about  150 
K at high temperatures.   

Temperatures of the gaseous aluminum sub-oxide, AlO, are derived by fitting the spectrum 
of the AlO  = −1 band obtained with the high-resolution spectrometer to a theoretically 
calculated spectrum as described in detail in Ref. [15].  This particular band of AlO is 
chosen due to the sensitivity of its shape to temperatures typically encoutered in aluminum 
combustion. The AlO temperature derived is close to the peak temperature in the system 
[16]. 

Gas flow and oxygen concentration 

The gas flow through the system is controlled using needle valves and rotameters that are 
calibrated with a digital flow meter within 2% accuracy. For the ejector calibration, the 
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oxygen concentration in the flow is measured with an oxygen analyzer having an accuracy 
of roughly 0.2%. Two different gas compositions are used in the present experiments. The 
first gas mixture is a stoichiometric methane-air mixture. The second mixture has identical 
flow rates of oxidizer and methane, but the air is replaced by a mixture of 26% oxygen and 
74% nitrogen. Thus, after methane combustion, the first composition produced a flow of 
combustion products without any free oxygen, whereas the second composition generated 
a product flow with 5% of remaining free oxygen. This allows the effect of free oxygen on 
the combustion of aluminum in hydrocarbon combustion products to be determined. This 
enriched oxygen mixture is used to keep the flow rates identical (required for consistent 
dust dispersion) and to maintain similar methane flame temperatures.   

 

3. RESULTS AND DISCUSSION 
The qualitative behaviour and structure of the flame in the hybrid methane-

aluminum mixture at different aluminum concentrations is analyzed using digital high-
resolution images and high-speed movies synchronized with the dust concentration 
monitoring system. Figure 5 contains images of the different flame structures observed as 
a function of aluminum concentrations. As seen from the images in Fig. 5, the flame 
structure changes drastically with an increase in aluminum concentration. A 3.0 neutral 
density filter was employed at high aluminum concentrations to distinguish the flame 
structure, such that the actual changes in the flame appearance are greater than what is 
depicted by the images in Fig 5.  At low mass concentrations, below 100 g/m3, the flame 
appears yellow in color, with no cone arising from the aluminum combustion zone. The 
appearance of the methane-aluminum flame at this aluminum concentration range is not 
different from the flame seeded with inert SiC powder. As the concentration of aluminum 
particles increases to roughly 120–140 g/m3, a bright white spot emerges first at the tip of 
the flame and, as the concentration increases further to about 180 g/m3, a very bright front 
with a well-defined outer border indicating aluminum combustion moves down along the 
flame cone, eventually stabilizing just a few millimetres above the rim of the methane 
flame. This process is illustrated with the still frames shown in Fig. 5 (bottom).  A similar 
aluminum front formation behaviour is observed in methane mixtures containing 5% of 
free oxygen. In this case, the appearance of the aluminum flame front can be seen at 
somewhat lower dust concentrations. 
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Fig. 12 Flame images at different concentration of aluminum (top) and still frames from high-
speed recording of aluminum front formation process (bottom). 
 
Flame spectra and temperature 

Typical flame spectra acquired before and after the formation of the aluminum dust 
flame front (at low and high aluminum concentrations) are presented in Fig. 6.  As can be 
seen from Fig. 6, the flame demonstrates a weak signal of the AlO band sequence at low 
aluminum concentrations. In contrast, after the formation of the aluminum combustion 
front at higher aluminum concentrations, the AlO molecular bands are strong in emission 
and are similar to spectra from pure aluminum dust-air flames [12]. At concentrations 
above 200 g/m3, strong non-ionized aluminum vapor atomic lines can be seen at 394.40 
nm and 396.15 nm [17].  

 
Fig. 13 Flame spectra before (low aluminum concentration, 80 g/m3

, number 1) and after the 
formation of aluminum flame front (high aluminum concentration, 250 g/m3, number 2), in 
products of methane combustion containing 5% of free oxygen content. 
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Fig. 14 Temperature of condensed emitters in methane-aluminum flames with (26% O2), and 
without (21% O2), free oxygen in the combustion products. 
 

 

The results of the temperature measurements for condensed-phase emitters as a 
function of aluminum concentrations in a stoichiometric methane-air flame and in the 
methane mixture with 5% of free oxygen) are presented in Fig. 7. The temperature 
measurements confirm the observed qualitative behavior of both flames as the aluminum 
concentration is increased. There is a sharp rise in the flame temperature at concentrations 
around 150–175 g/m3, which corresponds to the observed formation of the aluminum flame 
front. As shown in Fig. 8, the flame temperature changes from a temperature typical of a 
methane flame loaded with inert particles to a flame temperature close to temperatures 
predicted by equilibrium calculations with aluminum as a reactant. From the photographic 
video evidence illustrated in Fig. 5, it is apparent that, for every particular point on the 
Bunsen-flame cone, there is a rapid bifurcation-type transition associated with the 
formation of the aluminum dust combustion flame front. In spite of this sudden, step-
wise flame-front formation, measurements within a narrow range of aluminum 
concentration produce intermediate flame temperatures situated between the two 
combustion modes. However, these temperatures are not associated, as high-speed videos 
show, with any transitional phenomenon.  Rather, they arise from spectra acquired over a 
long integration time, during which the two combustion regimes were both present during 
the measurement interval.  
 Measurement of the characteristic AlO temperatures can only be performed for 
high-temperature flames that have strong enough AlO emission so that the Δv= −1 band 
(see Fig. 6) can be resolved. The results are presented in Fig. 8 together with the condensed-
phase temperature and thermodynamic calculations of the adiabatic flame temperature. 
Figure 8 demonstrates that, before the formation of the aluminum flame front, the heat 
released from the relatively-slowly oxidizing aluminum has little effect on the flame 
temperature, which remains close to that of the methane flame. Only after the formation of 
the aluminum flame front does the flame temperature approach the predicted 
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thermodynamic equilibrium value. The gaseous and condensed-phase temperatures are 
effectively equivalent considering the accuracy of the temperature measurements, which 
are estimated to be ± 120 K for the condensed phase temperature and ± 100 K for the AlO 
temperatures.  
 

 
Fig. 15  Temperature of the condensed emitters (solid squares) and the gas phase temperature 
(open diamonds) derived from AlO molecular spectra in comparison to the temperature obtained 
from the constant-pressure thermodynamic calculations (solid line). 
 

Analysis of condensed combustion products  
Condensed combustion products from the methane-aluminum flame are collected 

on a thick horizontal copper plate positioned at about 20 mm above the flame tip for 
approximately 5-15 seconds. The cold metal surface is a relatively efficient collector of 
particles from the hot combustion flow due to a strong thermophoretic force moving 
particles along the temperature gradient towards the plate surface [18].  From 5 to 10 
exposures (plates) were required to collect a sample mass sufficient for chemical analysis. 
Due to the relatively long collection time, product samples cannot be linked to a particular 
value of aluminum concentration but only to some concentration range, as identified in 
Table 1, corresponding to slow aluminum oxidation (50–100 g/m3), establishment of the 
aluminum flame front (150–200 g/m3) and aluminum-rich flames (200–300 g/m3). The 
product samples were analyzed for metallic aluminum content via the NaOH digestion 
method. The results of the analysis are presented in Table 1 for the two different oxygen 
concentrations, with theoretical values obtained from the equilibrium calculation (in 
parentheses).  
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Table 2. Product Analysis. 
 Aluminum Content 

Sample/concentration 

range 

21% Oxygen 26% Oxygen 

Original Powder 98.9 98.9 

50-100 g/m3 25.6 (0.0)* 0.5  (0.0)* 

150-200 g/m3 0.9   (0.0)* 0.2  (0.0)* 

200-300 g/m3 7.4   (4.1)* 2.9  (1.3)* 

* Values calculated using an equilibrium solver 
 
The original sample contains 98.9% aluminum, indicating a very thin oxide layer 

on its surface. As can be seen from Table 1, even in the case with no free oxygen (21% 
O2), the degree of conversion of aluminum to oxide reaches 75% even without the 
formation of the aluminum flame front. It is practically complete for mixtures with 5% of 
free oxygen (26% O2).  The slow, non-frontal oxidizing reaction stretches over a long 
downstream distance and contributes little, as mentioned before, to the flame temperature. 
The TEM photographs of the collected products in this concentration range reveal that they 
are dominated by the heavily oxidized aluminum particles with traces of submicron 
spherical aluminum oxide present. In contrast, the product composition of aluminum 
combustion in the frontal regime is dominated by submicron (d<0.1 m) aluminum oxide 
particles and the degree of aluminum conversion to oxide is close to 100%. Metallic 
aluminum can again be found in aluminum-rich mixtures above the stoichiometric 
concentration in accordance with thermodynamic predictions [13]. The presence of 
unburned metallic aluminum in the collected condensed flame products also indicates that 
the reaction of aluminum with oxygen in the ambient air is minimal during the collection 
process. 
Burning velocities of aluminum-methane mixtures 

The total flame surface area method is used to obtain flame burning velocities in 
aluminum-methane-air mixtures. Hence, the known volumetric flow rate through the 
nozzle is divided by the surface area of the inner flame cone to obtain the burning velocity 
[11]. Each flame image is linked to a particular value of dust concentration using timing 
marks produced by the camera output on the data acquisition system record. The procedure 
is first tested by comparing data obtained for pure methane-air and aluminum-air mixtures 
with results published in literature. The burning velocity of the stoichiometric methane-air 
mixture is found to be about 362 cm/s, in good agreement with data in the literature 
obtained with the same method [19].  The burning velocity in a pure aluminum flame is 
found to be 203 cm/s  at an aluminum concentration of roughly 400 g/m3, in agreement 
with previous measurements performed for the same aluminum powder but on a different 
burner [11]. The burning velocities in stoichiometric methane-air  (0.095CH4 + 0.190O2 + 
0.715N2) and methane mixture with 26% of oxygen (0.095CH4 + 0.235O2 + 0.670N2) 
seeded with aluminum and inert silicon carbide powders at different concentrations are 
presented in Fig. 9 (the data from the plot on the left was first published in [13]). 
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Fig. 16 Burning velocities of methane flames seeded with different concentrations of aluminum 
and silicon carbide (SiC) powders. Top: 21% O2, Bottom: 26% O2. 
 

As can be seen, both aluminum and silicon carbide suspensions in either gaseous 
mixture first exhibit a decrease in the flame speed with increasing solid phase 
concentration. The obvious explanation for the lower methane flame speed when it is 
seeded with inert particles is that the specific heat of the gas-solid mixture increases, 
resulting in lower flame temperatures. The somewhat stronger decline of the burning 
velocity in silicon carbide suspensions can be attributed to the smaller SiC particles (1–5 
µm) in comparison to aluminum and, as a consequence, a smaller difference between the 
particle and gas temperatures within the reaction zone. At silicon carbide concentrations 
above 170 g/m3, the flame starts to extinguish in both gaseous mixtures. The flame 
quenching starts with the opening of the flame tip. The opening progressively widens with 
the increase of the SiC concentration until a value of approximately 250 g/m3, at which 
point most of the mixture escapes unburned. In contrast, in mixtures with aluminum 



78 
 

particles, the flame burning velocity stops decreasing after the aluminum flame front is 
formed and the tip of the flame remains closed even at aluminum concentrations up to 400 
g/m3. The observed plateau of the burning velocity with respect to aluminum concentration 
indicates a coupling between the methane and aluminum combustion fronts. Upon 
coupling, heat is transferred from the aluminum flame front to the methane flame front, 
which promotes the methane flame propagation. Without this heat transfer, the methane 
flame speed would keep decreasing until the flame quenches, as it occurs when inert 
particles are seeded in the flames.   The coupled flames may be analogous to a so-called 
control regime, discussed in previous studies of binary dust mixtures, in which the slower 
burning, but more energetically potent, component defines the burning velocity of the 
linked fronts, even though it is positioned behind the faster primary flame front [20]. 

 
Theoretical estimation of the required aluminum concentration for flame coupling   

Due to the complexity of the flame in a hybrid mixture consisting of two interacting 
methane and aluminum combustion fronts, development of a complete non-steady 
theoretical model of the combustion process is beyond the scope of the present paper. 
Instead, here we develop a simple theoretical estimation of the minimal concentration of 
aluminum in suspension for which the methane and aluminum combustion fronts may be 
coupled into a single flame structure. The obvious criteria for such a linkage would be the 
ability of the aluminum dust flame front to propagate in the methane combustion products 
with a speed equal to or exceeding the speed of the product flow from the primary methane 
flame front. In this estimation, the methane and aluminum dust combustion fronts will be 
assumed to be independent, and not interacting, thus neglecting the experimental 
observation that the joint methane-aluminum front has a somewhat greater speed than a 
pure methane flame seeded with inert particles. Such an approximation is acceptable for 
determining the mechanism and concentration at which coupling occurs, but cannot predict 
the resulting flame speed of the hybrid flame front.  

The burning velocity of the methane-air mixture seeded with inert aluminum 
particles and the flow speed of the products are calculated with the open-source combustion 
software Cantera [21] using the reduced mechanism drm-19 developed by Kazakov and 
Frenklach2. In these calculations, the particles and gas are assumed to be in thermal 
equilibrium. The flow speed of the methane combustion products with inert aluminum 
particles, Sb,methane, is shown in Fig. 11, denoted by a solid line, and decreases with higher 
particle loading, as expected.  

The burning velocity of the aluminum dust flame is estimated assuming that the 
small aluminum particles used in the present experiments burn in the methane combustion 
products in the kinetic mode, i.e., the burning rate is limited by some reaction kinetics, 
rather than diffusion of the oxidizers towards the particle surface, as indicated in a previous 
study [9].  This assumption is based on the set of observations of these flames that indicates 
that the transition from slow-burning to frontal combustion of the aluminum front happens 
at a critical concentration where the kinetic rate of reaction becomes fast enough to enable 
flame coupling. The nature of the kinetic resistance in the high-temperature aluminum 
flames encountered in the present work remains open for discussion. The calculated 
adiabatic flame temperature of the linked methane-aluminum flame is close to, or even 
exceeds, the aluminum boiling point (2792 K). The experimentally-measured flame 
                                                              
2 http://www.me.berkeley.edu/drm/ 
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temperatures, although somewhat lower, are also close to the aluminum boiling point. 
Estimates show that, near the boiling point, the evaporation rate of an aluminum droplet 
considerably exceeds the rate of heterogeneous reactions published in the literature [22]. 
Moreover, aluminum evaporation likely occurs in the kinetic regime because of the small 
particle size and the fact that the very rapid non-activated nature of the reaction of 
aluminum vapor with oxidizers [23] prevents accumulation of the aluminum vapor at the 
droplet surface. Thus, it is assumed that the effective aluminum reaction rate, , 
corresponds to the kinetic evaporation mass flux from the total surface area of aluminum 
particles per unit volume. The evaporation rate, Re, per unit surface area in the kinetic 
regime is given by: 

,                                                                              (1) 

where Tb is the droplet temperature, αe is the coefficient of evaporation, mAl,atomic is the 
atomic mass of aluminum and kB is the Boltzmann constant [24]. For a pure aluminum 
droplet, the coefficient of evaporation should be close to unity, as aluminum is composed 
of single atoms which makes the liquid easier to evaporate than, for example, a polar 
molecule like water [25]. However, part of the aluminum droplet surface does not 
participate in the evaporation as it is covered by a liquid aluminum oxide cap, as was 
observed in previous work [8]. Thus, estimates provided in the present paper consider αe 
as an unknown parameter in the range, for sake of argument, from 0.2–1. The vapor 
pressure, Pv, can be found using the Clausius-Clapeyron relationship:  

                                                           
(2) 

where the activation energy, hv =  294 kJ/mol, is the latent heat of aluminum vaporization, 
A = 3.1 x1010 Pa is the pre-exponential factor and R is the universal gas constant [26]. The 
total reaction rate, , can then be obtained by multiplying the expression (1) by the total 
surface area of aluminum droplets per unit volume: 

e

,

Al,atomic

B b
  ,                                                                     (3) 

where r0 is the initial radius of the aluminum particle, B (g/m3) is the mass concentration 
of aluminum suspension in methane combustion products and ρAl,s is the solid aluminum 
density. In the present formulation, the flame in the aluminum suspension with the burning 
rate controlled by the kinetics of aluminum evaporation is no different from a gaseous 
flame with a one-step first-order Arrhenius-type reaction. Thus, a known Zel’dovich-
Frank-Kamenetskii type analytical expression [27] can be derived for estimating the 
burning velocity of an aluminum flame in methane combustion products.  The present 
analysis was done assuming that the fuel (aluminum particles) had zero diffusivity which 
leads to the temperature dependence in the expression below: 

√

, 	 ,

,                                                   (4) 

where the Zel’dovich number, Ze, is given by the expression: 

                                                                             (5) 

the heat conductivity, λb, the density, ρb, the heat capacity, Cp,b, and the flame temperature, 
Tb, in the expression (4) are all obtained from Cantera using an equilibrium calculation. 
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The initial temperature, Tu, is obtained from the flame speed calculation for the methane 
flame loaded with inert aluminum particles. The results obtained for different values of 
evaporation coefficient αe are plotted in Fig. 10 with dash lines.  

 
Fig. 17 Calculated flow speed of methane products from Cantera (solid lines) and estimated 
burning velocity of aluminum dust flame (dashed line, from bottom to top, αe = 0.2, 0.4, 0.6, 0.8, 
1.0) controlled by aluminum evaporation rate. 
 

As discussed above, the aluminum concentration value corresponding to the 
intersection of the methane products flow speed with the predicted speed of an aluminum 
flame can be interpreted as the minimal concentration at which the methane and aluminum 
flame fronts became coupled. The estimated concentration changes from around 70 g/m3 
to 150 g/m3 with a change in the evaporation coefficient from 1 (top curve) to 0.2 (bottom 
curve).  The simple theoretical approach used here predicts the observed coupling of the 
aluminum and methane flame fronts within a concentration range consistent with the 
experiments and, therefore, supports the assumption that the aluminum burning rate is 
controlled by the aluminum vaporization rate. 
 

4. CONCLUSIONS 
Historically, the reaction dynamics of metal particles in hot oxidizing flows, 

produced by the combustion of hydrocarbons in various energetic systems including 
metalized solid and liquid propellants and explosives, has been studied and modeled as a 
combustion process involving isolated individual particles. The implicit assumption behind 
this approach is that the transition from individual-particle combustion towards combustion 
of a metal suspension, or ensemble of particles, characteristic of real systems would not 
significantly change the underlying combustion physics. The present work has 
demonstrated that this approach is inadequate for heavily-metalized systems that rely on 
the metal for the bulk of the energy output and, thus, require relatively dense dust clouds. 
Thus, knowledge of the ignition temperature and combustion times of individual aluminum 
particles is insufficient for the prediction of the combustion dynamics of aluminum 
suspensions at high dust concentrations. For example, aluminum particles large enough to 
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burn in the diffusive mode might be unable to ignite at the relatively low temperatures of 
some hydrocarbon combustion products but effective aluminum combustion might be 
established if the conditions are right for the formation of an aluminum flame front. 
Similarly, the combustion time for the kinetically-reacting small aluminum particles, which 
is controlled by relatively slow surface reactions at temperatures characteristic of 
hydrocarbon combustion, will be replaced by the much faster kinetics of aluminum 
evaporation at the high dust-flame temperatures that are produced by burning the aluminum 
itself. 

Modeling of metal combustion in heavily-metalized energetic systems must 
consider the possibility of laminar or turbulent frontal combustion in the metal suspensions 
generated by the burning, or detonating, energetic system. The present work has 
demonstrated that, for a flame in a hybrid methane-aluminum mixture, the dust-combustion 
front may also influence the hydrocarbon flame; thus, a proper theoretical model has to 
analyze these two fronts as a coupled flame structure.  

The main results of the present work are highlighted in the points below: 
 It is observed that, at some critical aluminum concentration, the aluminum 

flame front becomes coupled to the hydrocarbon flame, corresponding to a 
change in the aluminum reaction mode from relatively-slow oxidation to a 
fast combustion process. 

 The temperature of the aluminum flame, derived from the continuous part 
of the spectrum and from AlO molecular bands, is close to the 
thermodynamically-predicted values with aluminum as a reactant; whereas, 
before the formation of the aluminum front, the temperature derived from 
the continuous spectra is close to the temperature of the methane flame with 
aluminum as an inert additive. 

 The burning velocity of the methane-aluminum flame decreases with an 
increase in aluminum concentration prior to the formation of the aluminum 
flame front and attains a plateau value thereafter. In comparison, the flame 
speed of a methane flame seeded with inert SiC particles similarly 
decreases, but then extinguishes at high particle concentrations.  

 A theoretical estimate for the propagation speed of an aluminum flame 
propagating in methane combustion products, with the reaction rate 
controlled by the kinetic evaporation of aluminum, can adequately predict 
the minimal concentration at which the methane and aluminum flames 
become linked. 
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Chapter 2. Hybrid flames of iron and methane on the Bunsen 
burner 
 

1. INTRODUCTION 
Multi-front reactive waves are complex phenomena that are known to occur in a variety of 
different systems.  Two or more reactive fronts can interact by different physical 
mechanisms, including diffusion and convection of either heat or active species, and 
through radiative heat transfer. Double detonation fronts have been studied for reactive 
particle-laden gases [1, 2]. Similar phenomena have been observed in systems undergoing 
self-propagating high-temperature synthesis [3], metalized propellants [4] and also figure 
into proposed novel nuclear reactor concepts [5]. A simple system to study multi-front 
phenomena consists of mixtures containing two fuels that have very different activation 
energies and reaction mechanisms. Deflagrations in such mixtures have been studied 
theoretically [6, 7] and experimentally for CH4-NO2-O2 mixtures [8] and hybrid aluminum-
methane mixtures [9].   

For aluminum-methane-air mixtures, previous studies have demonstrated that an aluminum 
flame front may form in the products of the methane combustion with micron-sized 
aluminum particles reacting in a kinetically-controlled regime [9]. In this case, the 
aluminum flame front forms only above a critical particle concentration and is believed to 
be coupled to the methane flame front. However, due to the intense luminosity of the 
aluminum flame it is not possible to directly observe the methane flame front once the 
aluminum flame has formed. In addition, aluminum typically burns in the vapor phase and 
produces a large quantity of sub-oxides which increases the complexity of the problem by 
introducing other potential limiting factors, such as the rate of evaporation [10]. For these 
reasons, a different particulate fuel is selected to simplify the investigation of multi-front 
reactive waves. Iron is a suitable candidate as it burns purely heterogeneously by surface 
reactions. The iron-air adiabatic flame temperature is on the order of the methane flame 
temperature, which allows the observation of both flames simultaneously. It has also been 
shown that iron can burn in either a diffusion-controlled or a kinetically-controlled regime 
can dependon, among other things, the oxidizing environment [11]. 

The present study investigates stabilized flames with a double-front structure in hybrid 
mixtures of iron and methane and focuses on the effect of the particle combustion mode on 
this flame structure and its propagation speed with different oxidizing mixtures. The 
kinetically-controlled regime is observed in the products of methane-air combustion, 
whereas the diffusion regime is observed when the mixture contains excess oxygen. The 
gases are seeded with micron-sized iron powder with a particle concentration varying from 
zero to 350 g/m3. Flames are directly observed with high-speed imaging and burning 
velocities are obtained using an estimate of the flame surface area from the flame 
photographs. Emission spectroscopy is used to determine the temperature of the 
condensed-phase species in the flame. The results are then compared to that of a methane 
flame seeded with inert silicon carbide (SiC) particles. In the kinetically-controlled regime, 
an iron flame front forms above a critical concentration and couples to the methane flame, 
even though the particles do not ignite. In the case of the diffusion-controlled regime single 
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particles do ignite, even at the lowest concentrations, but again form a distinct iron flame 
front above a critical concentration. 

 

2. EXPERIMENTAL APPARATUS 
Iron Powder and Gaseous Mixtures 

The iron powder used in the present investigation was produced by Alfa Aesar.  The Sauter 
mean diameter of the particles is d32 = 2.20 m with a volume-weighted size distribution 
obtained from a Malvern Mastersizer shown in Fig. 1. Figure 2 shows an SEM photograph 
of the powder, indicating the spherical morphology of the powder. 

 

Figure 1. Iron particle size distribution. 

 

 

Figure 2. Scanning electron micrograph of iron powder. 

 

Two different gaseous mixtures are used: the first is a stoichiometric methane-air mixture 
in which, after the methane flame, there is no excess oxygen; in the second case, all flow 
rates are kept identical but the air is replaced with the modified mixture made up of 26% 
oxygen and the balance nitrogen, which has little effect on the flame temperature and the 
operation of the dust dispersion system. The resulting mixture corresponds to an 
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equivalence ratio of 0.8, which leaves approximately 5% excess oxygen after the methane 
has been fully consumed. 

Dust Burner and Diagnostics 

Experiments are performed with a Bunsen burner designed to operate with gaseous and 
dust fuels. Detailed schematics of the apparatus can be found in previous publications [9]. 
The powder is fed from a reservoir to the burner by a piston and is dispersed by the gas 
mixture through an air-knife. The resulting two-phase flow is laminarized in a 60-cm-long 
tube and ignited at the exit of the nozzle.  

The dust concentration is monitored by laser attenuation. A beam passes through the two-
phase mixture through a slit in the nozzle covered with high-temperature, high-optical 
clarity tape. The Beer-Lambert law is used to correlate the laser attenuation with the dust 
concentration. The system is calibrated separately for every type of powder [12].  

An Ocean Optics USB 4000 spectrometer coupled with a 100-micron optical fiber is used 
to obtain emission spectra from the dust flame. Spatial resolution is achieved in one 
dimension by coupling the optical fiber to a telescope focused on a rotating mirror 
reflecting the image of the flame. The Bunsen cone is scanned with a step motor attached 
to the mirror. The flame front is located by the point of maximum emission intensity [13]. 
Flame images and videos are acquired with a high-resolution digital camera and a high-
speed video camera operating at 300 frames per second. A variable neutral-density filter is 
used to reduce the intensity of the light emitted by the flame [9]. The intensity of the filter 
is changed according to the luminosity while keeping the exposure time and f-number the 
same. All optical systems are linked to the particle concentration monitor to correlate the 
time of the picture, video or spectrum with its corresponding dust concentration. 

3. RESULTS AND DISCUSSION 
Flame spectra and temperature 

Flame emission spectra are acquired over the range of particle concentrations in both types 
of methane flames. The integration time varies with the dust concentration and 
temperature. Shorter integration times are required for high particle loadings due to the 
greater number of emitters. The two oxidizing environments produce distinctively different 
spectra, as illustrated in Fig. 3.  
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Figure 3. Emission spectra for both stoichiometric methane-air and enriched-oxygen-methane cases at an 
iron concentration of approximately 200 g/m3. 

 

The lower spectrum in Fig. 3 is obtained from iron particles in the stoichiometric methane-
air flame. The spectrum is composed solely of continuous blackbody radiation, without 
any atomic lines or molecular bands. By contrast, the top spectrum, from the methane-lean 
mixture, exhibits molecular bands between 550 nm and 650 nm on top of the continuous 
spectrum. Those bands are present even at low iron concentration and are thought to be 
attributed to an electronic transition of iron oxide, FeO, identified from the spectrum 
produced by West and Broida [14]. The temperature is obtained by fitting the continuous 
part of the spectra to Planck’s law of blackbody radiation [13], assuming that iron particles 
behave as grey bodies. The accuracy of the temperature measurements are estimated to be 
± 120 K. Measurements are taken in the middle of the flame and the temperature can vary 
over the height of the cone, with the tip being the hottest part. Results are shown in Fig. 4, 
with the open squares reflecting the stoichiometric case and closed squares the enriched-
oxygen case.  

 

Figure 4. Iron particle temperatures as a function of iron concentration in both oxidizing environments. 

 

There is a significant difference in particle temperature depending on the oxidizing 
environment. The methane flame temperature without iron loading in both cases is 
approximately 2200 K. The particle temperature in the methane-air flame is close to the 
methane-flame temperature at low particle concentration and slowly decreases with 
increasing concentration. The particle temperature in the oxygen-enriched mixture, 
however, has a relatively constant value near 2600 K, even at low particle concentration, 
which is about 400 K greater than the methane adiabatic-flame temperature. 

Burning velocities 

The burning velocities are obtained from photographs of the flame. The contour of the 
Bunsen cone is traced on a touch-sensitive screen, fitted with a seventh-order polynomial 
and rotated to obtain the total surface area, A. The volumetric flow rate, , is then divided 
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by A to obtain the burning velocity, SL [15]. The burning velocity as a function of particle 
concentration is shown in Figs. 5 and 6. 

 

 

Figure 5. Burning velocities as a function of dust concentration. The gaseous mixture is stoichiometric 
methane-air. 

 

 

Figure 6. Burning velocities as a function of dust concentration. The gaseous mixture has 5% excess oxygen. 

 

 

Figure 5 shows the results in air and Fig. 6 shows the result in enriched-oxygen. The results 
are also compared with the values obtained with silicon carbide particles. The 
stoichiometric methane-air burning velocity is about 35 cm/s, which agrees with literature 
values [16]. The burning velocity when calculated with the GRI-30 mechanism [17] in 
Cantera [18] gives a value 51 cm/s in the excess oxygen case, which agrees with the 
experimental results. 

Silicon carbide particles are used as a heat sink in the methane flame, increasing its 
effective heat capacity. This decreases the flame temperature and, in turn, decreases the 
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burning velocity. This trend can be observed in both gaseous environments. In small 
quantities, iron particles behave in a similar fashion and reduce the burning velocity. In the 
stoichiometric case, the flame speed appears to plateau at a particle concentration of about 
250 g/m3, near the maximum value for which the flame was stable, as discussed below. 
The plateau appears to occur sooner for the excess-oxygen flame, at a concentration of 
about 100 g/m3. It is suspected that the steepness of the burning velocity is due to the 
discrepancy of particle size. The iron particles range from 1 to 3 µm whereas the average 
SiC particle is 6 µm. This difference in size implies that the SiC particles do not reach 
thermal equilibrium within the methane reaction zone and thus have a reduced impact on 
the methane flame, compared to iron, for the same particle loading. 

Stoichiometric methane-air flame: No excess oxygen 

The flame temperatures indicate that the iron burns in a kinetically-controlled regime when 
introduced into the stoichiometric methane-air flame. The absence of oxygen after the 
methane flame means that the iron particles must react with the combustion products of 
methane: water vapor and carbon dioxide. Water molecules diffuse quicker than oxygen 
molecules yet the reaction rate is most likely slower than with oxygen, which would explain 
why the chemical reaction rates control the combustion. The particle temperature at low 
iron concentrations is very close to the adiabatic flame temperature of 2220 K. This does 
not necessarily imply that the particles burn in a kinetically-controlled regime since the 
predicted thermodynamic equilibrium iron-air temperature (without methane) is 
comparable at about 2250 K [11].  In a diffusion-controlled regime, the particle temperature 
is independent of the particle loading and does not follow the gas-phase temperature. 
However, as can be seen in Fig. 7, the particle temperature follows the thermodynamic 
prediction (solid line) for the methane-air mixture including iron particles, 
furtherindicating that the particle and bulk gas temperatures are equal and that the particles 
are reacting in the kinetically-controlled regime. 

 

Figure 7. Measured iron-particle temperature and calculated equilibrium temperature for the stoichiometric 
methane-air case. 

 

Figure 8 shows images of iron-methane-air flames at three different iron concentrations. 
Depending on the concentration, the stabilized flame has one of three different 
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appearances. Flame A has a low concentration of about 80 g/m3 and only one Bunsen cone 
is visible. The light observed comes from the blackbody radiation emitted by hot iron 
particles in the flame. This alone is not a sign of combustion. At these low concentrations, 
particles will oxidize in the hot environment but neither ignition nor flame front formation 
is observed. Flame B has an intermediate iron concentration of about 200 g/m3 and two 
distinct Bunsen cones are visible. The thin inner cone is the methane flame and the thick 
outer one is the iron flame. The two cones are separated by a dark zone, in which there is 
no flame. After leaving the first flame, the gas expands causing the local iron concentration 
to decrease, which is why less light is observed in that region. The second cone is the iron 
flame front, which causes the particles to heat up again and emit more light. This double-
front structure happens only above a certain critical concentration, which coincides with 
the point of the iron flame front formation. This critical concentration, found from the 
flame speed data and high-speed videos, is situated at around 200 g/m3. The dust flame 
front is separated from the methane flame front, which means that the particles still absorb 
heat from the methane reaction zone. However, a leveling off of the burning velocity is 
observed at this point (see Fig. 5), which implies that enough heat is transferred from the 
iron flame to the methane flame to compensate for the heat absorbed and the flames must 
be coupled. Furthermore, a methane flame loaded with a similar concentration of SiC 
particles quenches, which indicates that the methane flame could not exist at these particle 
loadings without being supported by the energy released from the iron flame. 

 

 

Figure 8. Iron-methane-air flames: (a) Low particle concentration (~80 g/m3) showing no iron flame front 
formation; (b) intermediate particle concentration (~150 g/m3) showing a double flame front; (c) high iron 
concentration (~325 g/m3) showing flame instabilities. 

 

 

Finally, Fig. 8c is taken in the high concentration range of about 325 g/m3. The flame 
becomes unstable and cellular due to thermo-diffusive instabilities. These instabilities 
occur when the flame is deficient in the more mobile reactant, changing the Lewis number 
of the mixture [15]. Increasing the particle concentration will not vary the amount of 
gaseous reactants since the gas flow rates are unchanged and the particles occupy an 
insignificant volume compared to the gases. Thus, an increase in particle concentration will 
not decrease the concentration of oxidizers, the species actually diffusing in the mixture. 
An increase in particle concentration will increase the overall heat capacity of the mixture, 
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which in turn affects the heat diffusivity and decreases the Lewis number. When the Lewis 
number is sufficiently small, the structure becomes cellular [15]. A similar cellular 
structure has been observed for pure iron flames in microgravity [11]. 

Enriched-oxygen-methane Flame: 5% Excess Oxygen 

The experimental results suggest that, with 5% excess oxygen in the methane flame, iron 
particles ignite and burn in a diffusion-controlled regime. The particle temperature, even 
at low concentrations, is about 400 K above the methane adiabatic flame temperature. 
Furthermore, the temperature remains constant across the concentration range, further 
indication that the particles ignite and that the particle and bulk-gas temperatures separate. 
The gas-phase temperature cannot be measured directly by emission spectroscopy, but the 
iron particles can be replaced with inert SiC particles. The temperature results are shown 
in Fig. 9. As expected, the temperature at low SiC concentrations is close to 2220 K and 
decreases with an increase in particle loading. This figure also shows equilibrium 
thermodynamic calculations performed for different iron concentrations. The solid line is 
the calculation performed for the enriched-oxygen-methane mixture including iron. The 
measured particle temperature is always above that of the calculated equilibrium 
temperature of the iron-methane-oxygen mixture.  

 

 

Figure 9. Emission temperature measurements for iron and silicon carbide particles in enriched-oxygen-
methane mixture and comparison to thermodynamic equilibrium predictions. 

 

 Figure 10 shows two flame images taken at two different concentrations for the enriched 
oxygen case. Image A has a low iron concentration and only the methane flame is visible. 
It is also possible to see single iron particles burning, after ignition, including the 
characteristic micro-explosion at the end of the particle track. The heat required to bring 
the particle up to the ignition temperature comes from the methane flame and the particles 
may react with the 5% excess oxygen, in addition to the water vapor and carbon dioxide. 
Image B is taken at a concentration of about 150 g/m3. In this image, only one Bunsen cone 
is visible in the diffusion regime, which is the coupled combustion front consuming both 
methane and iron. The formation of the iron flame front coincides with the levelling off of 
the burning velocity, which occurs at lower concentrations than in the methane-air case. 
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Furthermore, the formation of the dust flame front is clearly visible in high-speed images 
and is a distinct phenomenon from a mere increase of igniting particles in the flow. 

 

Figure 10. Iron-methane-enriched-oxygen flames: (a) low concentration (~25 g/m3) with no dust flame front; 
(b) high concentration (~140 g/m3) with a coupled flame and one visible Bunsen cone. 

Flame front formation 

These experiments have shown that the formation of a dust flame front in the hydrocarbon-
air flame products is independent of the regime of particle combustion and is analogous to 
what can be observed in a gas phase mixture. A minimum concentration of iron particles 
is required for the heat-release rate to be sufficient to sustain the propagation of the iron 
flame. In this respect, single particle models are insufficient to completely describe the 
observed results, as they ignore the effect of feedback from the reaction of neighboring 
particles on increasing the local temperature above the methane product temperature. This 
description of flame front formation applies to any reactive particulate system, whether it 
is a pure dust cloud [12] or for hybrid mixtures of gaseous and solid fuels [9]. 

In the kinetically-controlled regime, iron particles at low concentration will oxidize in the 
flame but the reaction rate will be too slow to form a flame front. The iron flame will form 
only when there is at least a critical number of iron particles, such that the overall heat 
released from the dust cloud is sufficient to propagate a flame at a speed that matches the 
speed of the methane-flame products. For the structure to be stable, the two fronts must be 
coupled, which can only happen through the exchange of heat between the two reaction 
zones, which is reflected, among other things, in the leveling off of the flame speed [10]. 
This situation is illustrated with Fig. 11a, where the two heat release zones are separated 
from each other and the temperature plateau between reaction zones corresponds to the 
dark region. This phenomenon  has been previously discussed for flames in hybrid mixtures 
of aluminum and methane in air. This regime has been denoted a control regime [19], 
where the second flame front effectively controls the speed of the first flame, observed by 
the levelling off of the flame speed. It has also been discussed in the case of binary mixtures 
of dusts [20].  

It is important to distinguish between particle ignition and flame front formation. Particle 
ignition refers to a specific phenomenon: the particle transitioning from kinetic-oxidation 
to diffusion-controlled combustion, causing a separation of the particle from the bulk-gas 
temperature. When introduced into the excess-oxygen flame, iron particles heat up and 
ignite after an induction time, which depends on the particle size. At low concentrations, 
this ignition occurs after the methane flame and the particles act merely as heat sinks within 
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the reaction zone, decreasing the pure gas flame temperature, without contributing to the 
flame propagation. This is represented by Fig. 11b, where the heat release from the ignited 
iron particles happens far from the flame and is spread over a large distance, reflecting the 
range in particle-induction and burn time for the variable particle sizes in the iron powder. 
As the dust concentration increases, increased heat release from surrounding particles leads 
to a feedback mechanism, and locally higher temperatures than in the low-concentration 
case, which causes the particles to ignite closer to the methane flame. At the critical 
concentration, the heat released by the iron particles will be enough to form a flame front. 
In such a case, the iron reaction zone is small and must overlap with the methane reaction 
zone; hence only one flame is visible. This is denoted a merging flame regime [19] and is 
represented by Fig. 11c. 

 

Figure 11.  Different combustion regimes observed in this study: (a) kinetic regime with iron flame front; (b) 
diffusion regime with no flame front; (c) diffusion regime with flame front. 

 

4. CONCLUSIONS 
The flame structure of methane-iron-air flames is investigated for particles reacting in the 
diffusion-controlled or kinetically-controlled regimes through the use of different 
oxidizing mixtures.  In the kinetic regime at low particle concentrations, iron slowly 
oxidizes in the hot combustion products of methane and an iron flame front only forms 
above a critical concentration and couples to the methane flame. Finally, at high 
concentrations, the flame structure exhibits instabilities due to thermo-diffusive effects 
caused by the increase in the overall heat capacity of the mixture. The second case, with 
diffusion-controlled particle combustion, where single iron particles ignite in the hot 
combustion products and burn with a temperature close to their own adiabatic flame 
temperature, an iron flame front is also seen to form and merge with the leading methane 
flame above a critical particle concentration. Detailed modeling of the phenomena 
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observed requires further knowledge of high-temperature iron kinetics with oxygen, water 
and carbon dioxide. These rates are currently unknown and determination of these reaction 
rates should be the focus of future studies.  

These results demonstrate that it is possible to form a stabilized flame front in a reactive-
particle suspension whether the particles are reacting in a kinetically-controlled or 
diffusion-controlled regime or, likely, even in a regime where both kinetics and diffusion 
play equal roles.  For a flame front to form, the rate of heat release by the particles must be 
sufficient to stabilize the reaction wave within the dust suspension, which requires that the 
resulting flame speed of the metal front in the local oxidizing environment be equal to the 
local flow velocity.  These metal-hydrocarbon-air flames provide a relatively clean and 
simple system in which to study the stability and physics of multi-front reactive waves. 
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Chapter 3. Freely-propagating, hybrid flames of aluminum and 
methane in balloons 
 

1. INTRODUCTION 
Hybrid mixtures of combustible dust and gas-phase fuel pose a serious risk of accidental 
explosions in many industrial settings [1]. Examples of such hybrid mixtures include 
pulverized coal and methane in coal mines [2], pharmaceutical dust and solvent vapors [3], 
organic dust with fermentation gases [4], paint pigments and solvents [5], plastic powders 
and solvents [6] or even metal particles with hydrogen, natural gas or other vapors in 
various industries [7-9].  In addition to the dangers they present in industrial settings, 
hybrid mixtures of metal particles and energetic materials are frequently encountered in 
condensed high explosives [10], fuel-air explosives [11], propellants [12], slurry fuels [13] 
and synthesis of nano-scale oxides [14]. Aluminum is the most widely used additive in 
these energetic materials due to its high energy density and capacity to burn in water vapor 
and carbon dioxide, the main combustion products of high explosives and hydrocarbon 
fuels. 

 Plastic dust particles, unlike metal particles, have low melting and boiling 
temperatures compared to hydrocarbon flame temperatures, hence evaporation of the 
particles occurs in the flame pre-heat zone and the plastic fuel vapor mixes with the 
surrounding oxidizers [15], similar to droplet combustion [16]. Organic dusts and coal 
particles will significantly volatilize in the flame pre-heat zone, while the solid residue will 
burn heterogeneously [17]. Since plastic and organic dusts are competing for the same 
oxidizers as hydrocarbons, the addition of these dusts has little effect on the severity of 
explosions and energy content of fuel-rich hydrocarbon mixtures [18].  

 Conversely, metals have much higher melting and boiling temperatures relative to 
their flame temperature, and the fast kinetic reaction rates of metal vapors with oxidizers 
prevents the accumulation of metal vapors such that they must burn in a heterogeneous 
mode [19-20]. Metals can also react with the products of hydrocarbon flames, including 
steam and carbon dioxide, possibly allowing them to enhance the burning of hybrid metal-
hydrocarbon mixtures. Recent studies [21-23] with aluminum-methane-air and iron-
methane-air hybrid mixtures using a modified Bunsen dust burner found that the solid fuel 
particles did not react at low metal mass loadings and acted solely as heat sinks, which 
resulted in lower methane flame temperatures and, thus, flame speeds. Above a certain 
critical metal concentration, however, the particles reacted by forming a flame front which 
coupled to the hydrocarbon flame. A study by Palecka et al. [24] on quenching distances 
in hybrid mixtures of aluminum and methane confirmed that aluminum behaved like inert 
particles at low metal loadings and that a critical concentration is required for the formation 
of the metal flame front. The Bunsen burner experimental configuration can only 
accommodate stabilized flames, such that only the presence or absence of a metal front can 
be observed, which is not entirely representative of the transient phenomena in freely-
propagating flames that can occur in accidental explosions [25].  

 Other experimental efforts have investigated freely-propagating flames in hybrid 
mixtures of hydrogen-air with aluminum, tungsten or carbon dust in a 20 L constant volume 
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combustion bombs [7-9]. The experiments showed that, at low hydrogen concentrations 
(i.e., low flame temperatures), the dust did not react and only the hydrogen flame 
propagated. When the hydrogen concentration was increased, the pressure traces showed 
two distinct peaks, indicating the formation and propagation of a solid-fuel flame behind 
the hydrogen flame. While the results from the combustion bomb experiments provide 
insight into the different combustion regimes possible in these hybrid mixtures, the 
pressure traces only provide information about the flame when it arrives at the wall of the 
vessel, and thus any unsteady propagation within the vessel cannot be detected.  

 The present experimental work introduces an experimental method in which the 
transient history of the freely propagating flame in hybrid mixtures is observed visually. 
Clear latex balloons are used to contain aluminum-methane-oxidizer mixtures, providing 
an isobaric combustion environment to study spherically-expanding, freely-propagating 
flames. High-speed cameras are used to record the dust dispersal and flame propagation 
processes within the balloon. Mixtures with and without excess oxygen in the methane 
flame combustion products are studied. Results for mixtures without excess oxygen in the 
methane flame products are found to be consistent with previous studies on the Bunsen 
burner, while a specific transient phenomenon is also observed for mixtures with excess 
oxygen. 

2. EXPERIMENTAL APPARATUS 
Experiments are performed in transparent latex balloons measuring approximately 30 cm 
in diameter.  The balloon is initially inflated without dust with a specific gas mixture. The 
dust is then dispersed within the balloon by a 0.8 s pulsed flow of the same gaseous mixture. 
There is a 4 s delay between the beginning of the dust dispersal process and ignition to 
allow turbulence within the balloon to decay. The mixture is ignited by a capacitor 
discharging through a tungsten wire located at the center of the balloon. As the flame 
propagates outward, the balloon expands, maintaining an approximately isobaric 
combustion environment, and bursts when the flame reaches the balloon surface. Figure 1 
shows a picture of the apparatus along with several still frames showing the dust dispersal 
and flame propagation within the balloon. The aluminum powder used is Ampal 637 
(Ampal, NJ), with a Sauter mean diameter of about 6.5 microns. The same batch of Ampal 
637 has been used in all of our previous experiments with dust and hybrid mixtures 
[21,22,24]. Scanning electron micrographs of the powder samples and particle size 
distribution can be found in [21], [22] and [26]. Detailed schematics of the apparatus is 
given in [26] and [27].  
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Figure 1: The left side of the figure shows the experimental apparatus with an actual picture of the balloon 
inflated with only the combustible gas mixture before dust dispersion on top with a schematic of the key 
components below. The right side of the figure shows both the dust dispersion and flame propagation 
processes. 
 
Gas Mixtures 
 In the present work, three different gas mixtures are studied. The first gas mixtures 
is methane-air with an equivalence ratio of 1.1, meaning there is no excess oxygen in the 
post-methane flame zone (0% excess O2). The next two gas mixtures have varying amount 
of excess oxygen. In these mixtures, different amounts of nitrogen in the air is replaced 
with oxygen while keeping the methane concentration constant. Consequently, all of the 
mixtures to have the same flame temperature and thermal diffusivity which allows us to 
isolate the effect of oxygen concentration. Simply chaning the equivalence ratio of the 
methaine-air mixture to increase the excess oxygen would result in a lower flame 
temperature, making comparison between the mixtures difficult to interpret. The first 
mixture with excess oxygen is an oxidizing mixture of 26% oxygen/74% nitrogen and 
methane with an equivalence ratio of 0.8 (5% excess oxygen). The third is an oxidizing 
mixture of 30% oxygen/70% nitrogen and methane with an equivalence ratio of 0.7 (8% 
excess oxygen).  
 
Dust concentration and flame speed measurements 
 An initial estimation of the dust concentration is found by dividing the initial mass 
of aluminum in the dispersion unit by the volume of the balloon. This value is then 
corrected to find actual dust concentration in suspension at the time of ignition by using 
data from a light attenuation probe obtained in previous dispersion experiments [27]. In the 
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previous work, a known amount of aluminum dust was dispersed within an acrylic sphere 
of a known volume. Use a laser-light attenuation probe which had previously been 
calibrated for this powder [], a relationship between the mass placed in the powder 
dispersion unit and the actual concentration of aluminum powder in suspension at was 
determined. It was found that actual aluminum concentration in suspension is about 40 % 
less than the initial estimate due to particles depositing on the surface of the balloon or 
settling before the mixture is ignited. 
 
 The flame propagation is recorded at 5,000–7,500 frames per second using a 
Photron SA-5 video camera. The position of the flame front is tracked in every frame by 
fitting the front contour to an ellipse. The radius of the flame is taken to be the average 
distance from the flame contour to the center-of-mass of the ellipse. To obtain the flame 
speed, the radius-time data are interpolated by the first-order polynomial and the speed is 
taken as the derivative. The data are also fit to a second-order polynomial, and the 
acceleration is taken as the second derivative of the expression. The flames are analyzed 
over an approximate radial range of 3 cm to 10 cm. 

3. RESULTS AND DISCUSSION 
Flame propagation within the balloon  
 Figure 2 shows examples of radius-time flame trajectories measured 
experimentally. The markers denote the measured experimental values, and the lines are 
second-order polynomial fits to the data. Two distinct types of the flame propagations 
events are observed. In some cases, the flames propagate with a constant speed throughout 
the balloon, whereas in other cases, the flame speed increases during the observed 
propagation.  
 

  
 
 

Figure 2: Radius-time flame trajectories illustrating both steady (a  0) and unsteady (a > 0) propagation. 
 
Effect of Excess Oxygen on Flame Topology at Low Concentrations 
 The effect of oxygen concentration on the flame surface is invesigated using the 
high speed videos filming the flame propagation. Using a home-made Matlab script, the 
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high speed videos can be manipulated for mixtures at low concentrations to analyze the 
surface of the flame. The light scattering nature of dust suspensions make it impossible to 
make any claims about the surface of the flames at high concentrations; however, at low 
concentrations, the particles help illuminate the flame front in the current experimental set-
up. By subtracting subsequent flames in Matlab, changes in the flame’s surface during it’s 
propagation can be identified. Figure 3 shows sample images for this technique for the gas 
mixtures 0% excess oxygen and with 8% excess oxygen both with aluminum 
concentrations of about 15 g/m3.  
 
 In the case where there is no excess oxygen, the flame surface remains relatively 
smooth during its propagation. A few large cells can be seen, most likely from some 
residual turbulence in the flow at the time of ignition; however, the cells do not appear to 
grow much during the observed propagation. In contrast, the flame in the mixture with 8% 
excess oxygen has a very clearly wrinkled surface during the majority of its propagation 
within the balloon. Similar results not shown here were found with the 5% excess oxygen 
case. Furthermore, these results were also seen (for both no excess oxygen and excess 
oxygen cases) when aluminum was replaced with inert alumina, indicating that the surface 
instabilties are related to the excess oxygen in the mixture.  
 
 

 
 

 
 

 
Figure 3: 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. 
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The Effect Excess Oxygen and Dust Concentration on Flame Acceleration 
  In this section, the acceleration of the the flames is analyzed. The rate of 
acceleration is determined by fitting a second order polynomial to the radius vs time data 
and taking acceleration as the second derivative, as discussed above. In order to isolate of 
the effect of aluminum particles burning, experiments were also conducted with inert 
alumina (Al2O3) powder to serve as a benchmark for comparison. Figure 4 shows the 
acceleration vs dust concentration for all three gas mixtures for both inert alumina and 
aluminum powder (note: different y-axis scales*). From the plots, it can be seen that 
mixtures without any excess oxygen for both alumina and aluminum powders have very 
small values of acceleration, indicating that the flames are propagating at a constant 
velocity within the balloon. The flames in mixtures with excess oxygen are accelerating 
during their propagating for both aluminum and alumina. For the inert alumina case, the 
flames appear to be accelerating the most at low concentrations; however, as more alumina 
is added, the rate of acceleration decreases. With aluminum powder, the acceleration values 
are similar to the alumina case at low concentrations with values around 75-125 m/s2. In 
contrast to the alumina case, the rate of acceleration increases as more aluminum is added. 
Peak acceleration values appear at 100-150 g/m3 and 150-200 g/m3 for the 8% and 5% 
excess oxygen cases, respectively, before decreasing with additional aluminum 
concentration. 
 

 
 
 
Figure 4: Acceleration vs dust concentration for a) alumina (left) and b) aluminum (right) powders in different 
gaseous mixtures. 
 
Effect of dust concentration on flame propagation speed 
 The effect of dust concentration on the flame propagation speed is analyzed in this 
section. Figure 4 shows the flame speed vs concentration again for both alumina and 
aluminum powders. For the accelerating flames, a first-order polynomial is fit to the radius 
vs. time data, and the flame speed is taken as the slope. Since the flame is accelerating,  the 
linear fit to the data, denoted as average flame speed, does not represent an actual flame 
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speed, but instead is indicative of the total time of the event within the balloon, with higher 
average flame speeds corresponding to shorter event times. The dashed lines on the graph 
represent the theoretical flame speeds calculated using the equilibrium software Cantera []. 
The effect of dust concentration is modelled simply by increasing the heat capacity of the 
inert gas (i.e. N2) in the mixture by amount proportional to the dust concentration. By this 
method, the dash lines represent how the flame is expected to behave if the powder is non-
reactive. These theoretical flame speeds decrease with dust concentration since the 
increased heat capacity decreases the flame temperature, and thus its propagation speed.  

The results for the alumina powder show that the flame speeds decrease with 
alumina concertation. The mixtures with 0% excess oxygen which propagate at a constant 
velocity show good agreement with the line predicted by Cantera. For the mixtures with 
5% and 8% excess oxygen which were previously shown to be accelerating, the average 
flame speeds generally lie slightly above the line predicted by Cantera but still follow the 
general trend.  
 The results for the mixtures with aluminum show different trends depending on 
whether or not there is excess oxygen in the post-methane flame zone. When there is no 
excess oxygen, the flame speed initially decreases with increasing aluminum 
concentrations, following the dashed line. At a critical concentration of about 100 g/m3, 
the flame speed breaks from the dashed line and remains constant with increasing 
aluminum concentration. When there is excess oxygen, the flame speed initially increases 
with increasing aluminum concentration before also reaching a plateau in flame speed. The 
plateau occurs at lower aluminum concentrations for larger amounts of excess oxygen in 
the mixture. The increase of flame speed with aluminum concentration (i.e., the slope of 
the flame speed vs. aluminum concentration) is proportional to the excess oxygen in the 
mixture. 
 

 
 

 
Figure 5: Flame speed measurements for A) inert alumina powder (left) and B) aluminum powder (right) in 
different gaseous mixtures 
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Discussion 
 The present experimental configuration presents many advantages over combustion 
bombs for the study of spherically-expanding, freely-propagating flames. The transparent 
latex balloon expands along with the flame propagation, producing isobaric conditions 
during the entire event, while also providing full visual access that allows the assessment 
of the uniformity of the dust dispersion and flame symmetry. The experimental set-up also 
allows for the dust concentration measurements to be calibrated, accounting for the loss of 
powder to the balloon walls and settling, to increase the accuracy of the concentration 
measurements. The transient flame can be imaged from soon after ignition until the balloon 
bursts, which allows for a long event and imaging time in comparison to dust bombs where 
the pressure rise is only observed when the flame arrives close to the walls of the vessel 
and therefore cannot detect any transient or unsteady behavior which may occur during the 
flame’s propagation.  
 Due to the optical thickness of the dispersed dust cloud, it is only possible to 
observe the leading flame front. Hot particles will emit blackbody radiation and, thus, light 
emission from the particles cannot be used as a marker for metal combustion. The igniter 
in this work is chosen to be only energetic enough to ignite the methane mixture and fails 
to ignite a pure aluminum cloud. Consequently, the leading front is always initially a 
methane flame, which is supported by the spherical shape of the initial flame, a geometry 
that is difficult to obtain in a pure aluminum dust cloud [27]. As the results demonstrate, 
both inert alumina and potentially reactive aluminum particles can affect the flame 
propagating in different ways, depending on both dust and excess oxygen concentrations. 
 

No excess oxygen – Stable flame propagation 

 As can be seen in Fig. 4b, the flame speed of the leading front in fuel-rich methane-
air mixtures initially decreases with an increase in aluminum concentration, a behavior also 
observed when methane flames are seeded with inert alumina particles (Fig. 4a). When the 
aluminum concentration reaches approximately 100 g/m3, the behavior diverges from the 
one predicted for inert particles, represented by the dashed lines in Fig. 4, and the flame 
speed remains constant with an increase in aluminum concentration. 

 The behavior has been observed previously in experiments also performed at 
McGill on a modified Bunsen burner with hybrid aluminum-methane-oxidizer flames. In 
the experiment, the methane-oxidizer Bunsen flame was seeded with increasing amounts 
of aluminum powder. At low concentrations, the aluminum acted only as a heat sink, 
decreasing the flame temperature and reducing the burning velocity of the methane flame. 
At a critical concentration, an aluminum flame front formed and coupled to the methane 
flame. After the formation of the aluminum flame front, the burning velocity of the coupled 
flame remained approximately constant with increasing aluminum concentration. Upon 
coupling, heat from the aluminum flame diffuses upstream and increases the temperature 
of the methane flame, compensating for the increased heat capacity from the aluminum in 
suspension. This allows the flame to propagate at a higher speed than it would if the 
aluminum was inert.  

A follow up investigation studied hybrid iron-methane-oxidizer flames and found 
the same flame coupling behavior past a critical concentration of iron in the flow. 
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Furthermore, the behavior was also observed while studying similar hybrid aluminum-
methane-oxidizer mixtures propagating in tubes []. At low concentrations only a methane 
flame would propagate; however, after a critical concentration, and aluminum flame front 
would form, and the coupled aluminum-methane flame would propagate down the tube.  

 Although the second aluminum flame front cannot be directly observed in the 
balloon configuration, the results clearly suggest its existence above a critical 
concentration. The present findings indicate that this flame coupling is not unique to the 
geometric configuration of a Bunsen burner or propagating in tubes, but is an intrinsic 
phenomenon associated with flames propagating in hybrid metal-hydrocarbon mixtures.  

Excess Oxygen 

The hybrid aluminum-methane-oxidizer mixtures with excess oxygen show a 
generally different behavior than the mixtures without excess oxygen. From Fig. 5b, the 
average flame speeds in mixtures with excess oxygen increase with increasing aluminum 
concentration for relatively low (0-100 g/m3) aluminum concentrations, which is in direct 
contrast to the mixtures without excess oxygen where the flame speed initially decreases 
with increasing aluminum concentration in this concentration range. Furthermore, Fig. 4b 
shows that the flames in mixtures with excess oxygen accelerate during their propagation, 
which is also starkly different from the flames in mixtures without excess oxygen which 
propagate at a constant speed.  

Flame Instabilities and Acceleration at Low Dust Concentrations 
Fig. 4 shows average acceleration of the flames during their propagation, and the 

mixtures with excess oxygen are clearly accelerating compared to the mixtures without 
excess oxygen, regardless of the powders used. Although the rate of acceleration increases 
with aluminum concentration and decreases with inert alumina concentration, there are 
similar and quite significant rates of acceleration at very low concentrations (<15 g/m3) 
with both powders, indicating that the acceleration at these low concentrations is controlled 
primarily by instabilities in the methane flame.  

 
Figure 3 shows images of the flame surfaces in mixtures with and without excess 

oxygen. For mixtures without excess oxygen, the flame surface remains smooth during its 
propagation, but in mixtures with excess oxygen, the flame surface is clearly cellular. The 
formation and growth of these cells increases the surface area of the flame available for 
reactions, which allows the flame to propagate at a faster speed than if the flame remained 
smooth. As the cells grow, the surface area further increases, causing the flame to 
accelerate.  

 
Whether or not the observed flame becomes cellular depends several factors which 

can act to either stabilize of de-stabilize the name. The work of Darrius [] and Landau 
showed that all propagating flames were hydro-dynamically unstable due to the density 
discontinuity across the flame, and perturbations of all wavelengths had positive growth 
rates. A positive growth rate, however, is not enough to observe these instabilities. The 
growth rate must be greater than the stabilizing effects on the flame.  
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For a spherically-expanding flames, stretch is the most dominant stabilizing effect. 
If the stretch rate is greater than the disturbance growth rate, then the flame is growing 
faster than the instability, and the flame surface will remain smooth. The stretch rate for 

spherically-expanding flames is . Stretch dominates when the flame is small, 

damping the growth of most instabilities, but at some critical radius, the growth rate of the 
disturbances over takes the stretch rate, and the flame becomes unstable. Consequently, 
large-scale facilities are typically used to study instabilities.  

 
In their initial analysis, Darrius and Landau assumed an infinitely thin flame, and 

their work predicted that the growth rate of instabilities would go to infinity as the size of 
the disturbance approached zero; however, more recent studies have shown that 
disturbances with wavelengths on the same of magnitude or smaller than the flame 
thickness are damped out by the system. Nevertheless, flame thickness plays an important 
role in the onset of instabilities, with thinner flames resulting the appearance of cells at a 
smaller critical radius. Some researchers have taken advantage of this and use high-
pressure systems to study this instability at smaller scales. The high pressure reduces the 
flame thickness, allowing for earlier onset of instabilities.  

 
Thermo-diffusive imbalances can also act to stabilize or destabilize the flame. An 

apartment parameter for assessing thermo-diffusive stability is the Lewis number, defined 
as:  where  is the thermal diffusivity of the mixture and  is the mass diffusivity 

of the limiting reactant. When the Lewis number is less than unity, the deficient reactant 
can diffuse towards the flame at a faster rate than the heat is diffusing away, which 
promotes the growth of cells. Conversely, when the Lewis number is greater than one, the 
growth of cells damped.  

 
Betchold and Matalon combined all of these effects and found the critical radius 

for the onset of instabilities depends on: ~
∗
 where  is the flame thickness, 

 is the activation energy of the reaction,  is the Lewis number of the mixture, ∗is a 
critical Lewis number at which cells appear from ignition, and  is the expansion ratio 
across the flame []. In the current experimental investigation, the expansion ratios and the 
activation energies between the different gas mixtures are the same; however, the flame 
thickness and Lewis number are affected.  

 
The critical radius for onset of instabilities in methane-air flames is found to be 

around 25 cm, which is consistent with our results which showed the slightly fuel-
rich methane-air flame to be smooth and stable in our radial viewing range of 
approximately 3 10 cm. In the excess oxygen mixtures, when oxygen replaces 
nitrogen in the mixture, the increased oxygen concentration at the same flame temperature 
increases the reaction rates. Since the flame thickness scales with the reaction rate by 

~
√

 where  is the reaction rate, faster reaction rates lead to thinner flames and reduce 

the critical radius at which cells appear. Furthermore, when the mixtures go from slightly 
fuel-rich (0% excess oxygen) to fuel-lean, the limiting reactant changes from oxygen, 
which is slightly heavier than the average molecular weight of the mixture, to methane, 
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which is slightly lighter than the average molecular weight of the mixture. Consequently, 
the Lewis number changes from greater than unity to less than unity. The combined effects 
of reduced flame thickness and Lewis number less than unity in the mixtures with excess 
oxygen result accelerating cellular flames.  

 
Effect Inert Dust Concentration 
 As inert alumina is added to the flames, the average flame speed and the rate of 
acceleration decrease. Once the flames become cellular, the growth of the flames are 
typically assumed to grow in a self-similar manner according to the expression: 

.  is related to the growth rate of the cells with a higher  indicating larger amplitude 
of cells.  is related expansion ratio and burning velocity. If the flame were stable, then 

1, and  where  is the expansion ratio across the flame 
and  is the laminar burning velocity. Therefore, ~	 .  In the present work, the 
constants , , and  are found using matlab least squares fit to the data.  was found 
to be consistently at or below the smallest observable flame. The results for  and  are 
shown in Fig.  
 

 

 

Figure 6: Values of α and A found by fitting the radius vs time data to the equation: 
R R At  

 
The results show that  remains approximately constant, indicating that the flame 

is still cellular and growing with similar cellular characteristics. However,  decreases as 
more inert alumina is added. This is to be expected since addition of inert alumina increases 
the heat capacity of the mixture which decreases both the expansion ratio, , and the 
burning velocity, .	This increased heat capacity effect results in both lower flame speeds 
and lower rates of acceleration. 
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Effect of Aluminum Concentration 
Low concentrations 
 As aluminum is added to the mixtures, the average flame speeds and the rates of 
acceleration increase, which is in contrast to the above results where both of those 
quantities decreased with the addition of inert alumina. This means that the aluminum must 
be reacting in order to contribute to the methane flame propagation, even at small 
concentrations.  
 There are two ways the aluminum can influence the flame propagation. The first 
way, as discussed above, is for an aluminum flame front to form and couple to the methane 
flame. When the flames are coupled, the pre-heat zone of the aluminum flame overlaps 
with the reaction zone of the methane flame, increasing the temperature of the methane 
flame and thus the burning velocity of the methane flame. This explanation, however, is 
unlikely for very small concentrations of aluminum where the collective heating effects are 
small. 
 

The second way is for aluminum to react at some distance behind the methane 
flame. In this case, the heat released by the reacting aluminum does not increase the 
temperature of the methane flame, but instead the causes the gases behind the methane 
flame to expand and push on the flame. For spherically-expanding flames, the observed 
flame is  where  is the expansion ratio across the flame and  is the laminar 
burning velocity. Therefore, aluminum reacting at some distance behind the methane flame 
can increase the volumetrically averaged expansion ratio across the flame: 

 where  is the radius of the aluminum reaction,  is the 

temperature after the aluminum reaction, is the radius of the leading methane flame, 
 is the temperature of the methane flame, and  is the temperature of the unburned 

mixture.  
 
If aluminum reacts at some constant distance behind the methane flame,  will 

be changing in time; as the flame propagates, a larger portion of the post flame zone will 
be at the aluminum flame temperature. This explains both the acceleration and increase of 
flame speed at low concentrations. This also explains the continuing increase in flame 
speed and acceleration with aluminum concentration. As more aluminum is added, the 
temperature of the aluminum reaction increases which leads to higher  at any given 
time during the propagation which increases the average flame speed. Furthermore, an 
increase in the aluminum flame temperature increases the difference in temperature 
between the methane and aluminum reaction zones, leading to higher rates of acceleration. 

 
High Concentrations 
 At high concentrations of aluminum, the flame speed reaches a plateau with 
increasing aluminum concentration, and the acceleration decreases. Based on the observed 
plateau in flame speed and findings from previous experimental investigations, it is logical 
to conclude that the flames are coupled in this region. When the flames are coupled, the 
expansion ratio across the flame does not change with time, resulting in lower rates of 
acceleration. The rates of acceleration, however, do not go to zero in the plateau region. 
This is most likely due to the fact that the coupled flame is still cellular.  
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 Similar to what was done before for alumina, the data for the mixtures with 
aluminum was fit to the function . As discussed above,  is related to the 
growth rate of cells, and  is related to the expansion ratio. In this formulation,  is 
considered be a constant, so any transient behavior of the expansion will result in larger . 
Therefor, the results for low concentrations (<150 g/m3) do not have any physical meaning. 
The results do provide some important insight. At high concentrations (where the flames 
are believed to be coupled), the value of  drops to near its value for very low 
concentrations. This indicates that the cellular structure on the flame surface still causes 
the flame to accelerate even after it is coupled.  
 
 
 

 
 
 

Figure 7: Values of α and A found by fitting the radius vs time data to the equation: 
R R At  

Moderate Concentrations 
At concentrations near where the plateau in flame speed occurs (100-175 g/m3), 

there is also a spike in acceleration for a few cases. This may be due to a transient coupling 
phenomenon. In the previous cases, the aluminum either burned at some distance behind 
the methane flame, or the aluminum and methane flames were coupled from the outset of 
the flame propagation. At concentrations near where the flames become coupled, the 
aluminum reaction front may form at some distance behind the methane flame and then 
catch up to and couple to the methane flame during the observed flame propagation. As the 
aluminum front approaches, the average expansion ratio, 	 , across the flame will 
rapidly increase, causing large acceleration rates.   

 
 Figure 8 shows schematics of the different interactions between the aluminum and 
methane. 
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Figure 8: Diagrams showing the different ways that aluminum can influence the methane flame propagation. 
 
Effect of Oxidizer and Particle Mode of Combustion 
 In present investigation, the gas mixtures are made such that the flame temperature 
and thermal diffusivity remain constant, and the only difference is the amount of free 
oxygen in the methane flame combustion products. In the mixtures without excess oxygen, 
the aluminum behaves as an inert for low concentration before coupling to the methane 
flame at a critical concentration. In the mixtures with excess oxygen, the aluminum reacts 
behind the methane flame even at very small concentrations. This difference in behavior 
may be due to differences in particle mode of combustion with the different oxidizers.  
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 The critical concentration behavior in mixtures without excess oxygen suggests the 
particles are burning the kinetic regime. Particles burning in the kinetic regime are limited 
by reaction kinetics, which are governed by Arrhenius kinetics where the reaction rates 
depend strongly on the ambient temperature. Consequently, the concentration of particles 
plays a crucial. If the concentration is too small, the heat released from slowly oxidizing 
particles will not be sufficient transition to thermal runaway. As the critical concentration 
is increased, the collective heating of the reacting particles will allow the mixture to 
transition from slow oxidation to rapid combustion. 
 
 The fact that aluminum can react at such low concentrations in mixtures with excess 
oxygen indicates that the particles may be burning in the diffusion limit regime. When 
particles ignite and transition to diffusion limited combustion, the oxidizers are consumed 
more quickly than they can diffuse to the particle. Aluminum-oxygen kinetic reaction rates 
are much faster than aluminum-water and aluminum-carbon dioxide kinetic reaction rates, 
and the addition of free oxygen in the methane-post flame zone can cause the particle to 
switch from kinetically limited to diffusion limited. In this case, the rate of reaction is 
determined by the rate that new oxidizers can diffuse to the aluminum, which is a weak 
function of ambient temperature. This explains how even small concentrations can still 
burn fast enough to influence the methane flame.  
 
Effect of Geometry  

Previous work studied the same hybrid aluminum-methane-oxidizers on a modified 
Bunsen burner. This work used the exact same 0% excess oxygen and 5% excess oxygen 
gas mixtures studied in the present work.  In this previous work, both mixtures with and 
without excess oxygen displayed the same behavior. At low concentrations, the aluminum 
acted as an inert additive to the methane flame, and past a critical concentration, an 
aluminum flame front formed and coupled the methane flame. In the present work, this 
critical concentration behavior is only observed in mixtures without excess oxygen.  

 
In mixtures with excess oxygen, the low concentrations of aluminum burn behind 

the methane flame, increasing the flame speed and causing the flame to accelerate. The 
geometry of the flame plays an important role in how the aluminum affects the flame. In 
the stabilized configuration, particles reacting behind the methane flame simply flow away 
downstream. In the spherically-expanding flame, the particles are trapped in the hot 
combustion products behind the flame, and particles reacting behind the methane flame 
after some induction time can cause the gas to expand and push on the flame.  
 

4. CONCLUSIONS 
Flame propagation through hybrid mixtures of hydrocarbon and metal fuels is a 

complex process that involves the formation and coupling of multiple flame fronts. These 
flames are inherently transient and must be studied using an apparatus that allows the 
observation of freely-propagating flames. The duration of the experimental event must be 
sufficient to observe the phenomena, which depends on many conditions, including the 
type of gaseous and solid fuels, their concentrations, and the oxidizer composition. The 
present experiment makes use of transparent latex balloons to maintain isobaric conditions 
while allowing imaging of the spherically-expanding flames throughout the event. The use 
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of balloons enables the gaseous mixtures and aluminum concentration to be varied in order 
to observe a variety of propagation regimes. 
The key scientific findings of this work are: 

 An aluminum flame front forms above a critical concentration and couples to the 
primary hydrocarbon flame. This behavior appears to be intrinsic to flames 
propagating in hybrid mixtures of hydrocarbon and metal fuels and is independent 
of the flame geometry.  

 With a lack of oxygen in the methane combustion products, the aluminum particles 
are thought to burn in a kinetic regime. The flame speed decreases before a critical 
concentration, after which it remains constant, consistent with previous data. 

 With excess oxygen in the methane combustion products, the aluminum particles 
are thought to ignite and burn in a diffusion-limited regime. Addition of increasing 
aluminum allows higher net flame temperatures that enables higher flame 
propagation speeds. 

 The observed flame propagation in mixtures with excess-oxygen in the methane 
combustion products is unsteady and the speed can increase for quite low aluminum 
concentrations. The unsteady flame propagation is explained by a combination of 
cellular instabilities in the methane flame along with aluminum particles burning 
behind the methane flame, which causes the average density ratio across the flame 
to increase with time. 

The results of these recent studies show that flame propagation and coupling in hybrid 
hydrocarbon-metal mixtures contains a rich set of physics that deserves significantly more 
attention than it has received to date. 
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Chapter 4. Hybrid flames of aluminum and methane in tubes 
 

1. INTRODUCTION 
Combustion of a hybrid multiphase fuel mixture, i.e., a suspension of micron-size solid 
fuel particles in a combustible gas mixture, is encountered in many practical applications 
such as propulsion (e.g., metalized solid propellants), industrial processes (e.g., reactive 
spray deposition), and fire safety (e.g., methane-coal dust explosions in mines). In spite of 
the practical importance of such multiphase flames, few investigators have experimentally 
studied the combustion of hybrid mixtures, with the majority of studies performed in 
standard constant volume closed vessels [1] that do not permit observation of the flame 
structure or allow accurate measurements of fundamental flame parameters, such as the 
burning velocity. 

Flame-structure measurements in stabilized Bunsen-type flames in suspensions of hybrid 
premixed aluminum-methane-air mixtures were first carried out in our recent work [2, 3]. 
The experiments show that the transition from relatively slow oxidation to fast aluminum 
combustion is associated with the appearance of a double-front structure, where the 
aluminum dust flame front is coupled to the gas flame. It was also found that the formation 
of this coupled gas-dust flame front is a critical phenomenon that occurs rapidly at some 
minimum concentration of aluminum fuel. The flame structure and the interaction 
mechanisms between the gas and dust combustion fronts are complex and are not yet well 
understood.  

In the present work, combustion in hybrid methane-aluminum mixtures is investigated by 
probing the response of the flame to heat losses. This was accomplished by propagating 
flames into channels formed from a set of parallel plates. Reducing the spacing between 
plates eventually leads to flame quenching. Together with burning velocity, the quenching 
distance of a flame in a narrow channel, i.e., the minimum channel width through which a 
flame can propagate, is a fundamental flame characteristic that reflects both the flame 
propagation mode and its structure.  

Quenching distance is also an important technical parameter that is widely used in the 
design and safety validation of various industrial equipment and processes. Numerous 
experimental data on flame quenching distances in gases have been obtained and can be 
correlated with the burning velocities of the fuel mixture and compared with predictions of 
various theoretical flame models [4]. Measuring quenching distance in suspensions of solid 
fuels is experimentally more challenging than in gases and requires a relatively complex 
setup. Different modifications of an apparatus permitting measurement of flame quenching 
distances in dust clouds have been developed at McGill University over the past two 
decades. The quenching distances in aluminum and iron suspensions were measured in 
laboratory settings [5] and microgravity experiments aboard a parabolic flight aircraft [6].  
The current paper presents experimental results on flame quenching in hybrid methane-
aluminum fuel mixtures obtained with a new apparatus with an improved design that 
incorporated the majority of technical solutions developed previously for quenching 
experiments in dust clouds [5,6]. In order to provide a baseline, quenching distance 
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measurements were also performed in gas-solid fuel suspensions where the reactive 
aluminum powder was replaced with an inert silicon carbide (SiC) powder with a similar 
particle size that does not react with the methane combustion products. The results obtained 
are qualitatively interpreted using a simple model of the double-flame front structure 
developed previously for the analysis of flame propagation in binary dust suspensions [7]. 

2. EXPERIMENTAL APPARATUS 
Aluminum and silicon carbide powders 

The same batch of atomized aluminum powder (Ampal 637, Ampal NJ) was used in the 
present work as in all our previous experiments with stabilized dust flames and aluminum 
flames in tubes [2,3,5,6].   Ampal aluminum particles have a spheroidal or nodular shape. 
The Sauter mean diameter, d32, derived from the particle distribution obtained from SEM 
images of the powder, is about 5.6 µm, which compares well with the value of 6.9 µm 
obtained using the light scattering technique with a Malvern Mastersizer 2000. Detailed 
information on the particle size distribution of the powder is given in [2]. The inert silicon 
carbide powder has an irregular particle shape with a Sauter mean diameter obtained with 
the Malvern instrument of about 4.2 µm.   

Apparatus 

The new experimental apparatus constructed to measure quenching distances in hybrid 
solid-gaseous fuel mixtures combines the basic features of our earlier designs for flame 
quenching experiments in dust clouds [5], together with a number of novel features for the 
dust flow and flame diagnostics developed for the stabilized flame burner apparatus [2]. In 
particular, it uses a modified design of our generic dust dispersion system [5, 6] that permits 
the creation of a uniform dust flow with micron-size powders below 20 µm. The system 
employs a piston feeder and provides powder dispersal via impingement of a concentric 
supersonic “air knife” jet issuing from a 50 µm annular slot. The initially turbulent flow is 
expanded and laminarized in a long 8° angle conical diffuser before flowing into the flame 
tube (see Fig. 1B).   
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Figure 18  Overall schematics of the apparatus (a), photo of quenching channels assembly (b), 
and schematics of the dust dispersion unit (b) 

 

A 48-mm-inner-diameter, 1.5-m-long vertical Pyrex flame tube (see Fig. 1(a)) is encased 
inside a larger diameter acrylic tube for safety. The upper end of the flame tube is equipped 
with a short aluminum conical nozzle with an opening of about 25 mm. The nozzle 
produces a dust jet flow with well-defined boundaries needed to minimize noise from the 
dust concentration monitoring system as well as minimizing disturbances to the flow inside 
the tube that otherwise are induced by the ventilation flow. A miniature remotely-operated 
propane-oxygen torch or an electrically-heated tungsten filament, stretched across the flow 
at the upper open end of the tube, ignites the mixture. Immediately after ignition, the flow 
in the tube is stopped by closing the solenoid valve in the gas supply line and the flame 
propagates down to the closed end of the tube in the quiescent two-phase fuel-air mixture. 
Flame quenching distance measurements were made by observing flames propagating 
through assemblies of equally-spaced steel or brass plates (see Fig. 1(b)) positioned in the 
upper part of the tube at about 50 cm from the upper end of the flame tube. The quenching 
channel assembly is supported inside the glass tube by resting on a loop of spring wire. 
The positioning of the quenching channels at a relatively short distance from the point of 
the dust concentration monitoring (laser beam) minimizes both the error in estimating the 
dust concentration inside the quenching channels and the influence of the flame acoustic 
oscillations on flame propagation and quenching. The quenching-plate assemblies had 
equal spacing between 0.5-mm-thick and 52-mm-long brass or steel plates, while the 
spacing varies from 4 to 20 mm for steel assemblies and 2 to 5 mm for brass assemblies. 
The steel quenching plates are soldered together by four thin rods, whereas the brass plates 
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are held together between lower and upper brass rings having precision-milled 0.5 mm 
slots (see Fig. 1(b)). 

Dust concentration measurement and monitoring 

The dust concentration in the flow is monitored with a laser-light-attenuation probe 
consisting of a diode laser, cylindrical lenses forming a rectangular 10 × 2 mm beam, a 
narrow band-pass filter and spatial filters, and lenses to focus the laser beam onto a 
photodiode sensor. The laser beam traverses the dusty flow along the flow jet diameter 
right above the nozzle exit at the upper end of the tube. The output of the photodiode is 
constantly recorded by a data acquisition system and is also displayed on the monitor for 
real-time observation. The dust concentration probe is calibrated by aspiration of the dusty 
flow through a set of fine multilayered filters with a vacuum pump for about 5 seconds. 
The average dust concentration during the measurement time is then determined by 
dividing the total mass of the collected dust by the flow volume, i.e., the volume of gas fed 
through the dispersion system during the same time [2]. 

 

 

Figure 19  Typical time history of the dust concentration in the fuel flow measured with laser 
light attenuation probe at the exit of the flame tube 

 

 

Experimental procedure 

After the start of the dust dispersion, the concentration of aluminum in the laminar stream 
of the hybrid fuel mixture ascending the tube is transient. It reaches an approximate plateau 
after about 45-50 seconds as indicated by the concentration monitoring system at the exit 
of the tube (see Fig. 2). The duration of the plateau is usually about 3-5 second. With the 
speed of the ascending dust flow of about 25 cm/s, this means that the dust concentration 
is uniform over about 75-100 cm of the upper tube length. The flow is cut and the mixture 
is ignited by the operator as soon as the concentration-monitoring system indicates the 
plateau has been reached. As a result, the flame propagates down through the quiescent 
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mixture with a sufficiently uniform dust concentration before, within, and after the 
quenching channels.  

Upon reaching the plate assembly, the flame either extinguishes or separates into flamelets, 
propagating through individual channels of the quenching plate assembly. The flame 
propagation in the tube and through the quenching plate assembly is recorded by a high-
speed camera at a rate from 300 to 600 frames/s. 

3. RESULTS AND DISCUSSION 
Initial experiments were performed with inert silicon carbide (SiC) powder in order to 
provide benchmark data for the quenching distance of methane flames seeded with an inert 
powder. In our recent experiments with methane-air-SiC flames on the Bunsen dust burner 
[2, 3], we have confirmed that SiC does not noticeably react in the methane-flame products. 
The oxygen concentration in stoichiometric methane-oxygen-nitrogen fuel mixtures was 
reduced to about 16.3% O2 in the present experiments in order to increase the quenching 
distance of pure gaseous flames.  This was required to improve the resolution of the 
quenching measurements and ensure flame propagation through the minimal available 
quenching-plate spacing of 2 mm. The results on quenching experiments with methane 
flames seeded with SiC powders are presented in Fig. 3. 

 

Figure 20 Results of flame quenching experiments at different concentrations of the silicon 
carbide dust in 16.3% O2/8.1% CH4/75.6% N2/SiC mixtures. 

 

  As can be seen from Fig. 3, the quenching distances obtained for pure gaseous methane 
flames are in the range of 3–3.5 mm.  This is consistent with the reported value of 2–
2.5 mm for a stoichiometric methane-air flame quenching within rectangular channels at 
the normal oxygen content of 21% [8]. The increase in quenching distance for methane 
mixtures with reduced oxygen content also correlates well with the known dependence of 
the flame speed in methane-air mixtures on oxygen concentration [9]. In the event of flame 
propagation through the plate assembly, the speed of individual flamelets propagating in 
each channel was usually different, reflecting local fluctuations in dust concentration. As 
can be seen from Fig. 3, the quenching distance increases with the increase of SiC content 
from about 3.5 mm for an unseeded flame to about 9.5 mm for concentrations around 270 
g/m3 for which flame propagation in the tube is still possible. At higher concentrations of 
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SiC powder above 270 g/m3, the seeded flame fails to propagate down the tube. This 
correlates with our previous observation of the influence of SiC seeding on quenching of 
the stabilized stoichiometric methane-air flame [2], where it was observed that the tip of 
the Bunsen methane flame seeded with SiC starts to be open at dust concentrations of about 
200 g/m3 and the flame quenches at SiC concentrations above 300 g/m3.  

Quenching of the flame in methane-oxygen-nitrogen mixture seeded with Al powder  

As in the case of stabilized Bunsen methane-aluminum flames studied earlier [2, 3], the 
freely-propagating flames within the tube demonstrate two significantly different flame 
modes below and above some critical concentration of aluminum in suspension. At 
aluminum concentrations below the critical value, which was about 300 g/m3 in the present 
experiments, the aluminum oxidizes relatively slowly in the products of the methane flame 
over a long distance without substantially raising the flame temperature [2, 3]. The flame 
appearance and color are very similar to the appearance of the flame seeded with inert SiC 
powder, and the flame quenching distance, as shown in Fig. 4, similarly increases with an 
increase of powder loading. The somewhat higher quenching distance of the flame seeded 
with SiC, in comparison to aluminum, can be explained by the smaller size of the SiC 
particles that are in closer thermal equilibrium with the gas than aluminum and, therefore, 
provide a more effective heat sink.  

 

 

Figure 21 Results of flame quenching experiments at different concentrations of aluminum dust 
in 16.3% O2/8.1% CH4/75.6% N2/Al mixtures. 
 

At some critical concentration of aluminum, the rapid transformation of the flame 
appearance is observed.  This occurs around 150–200 g/m3 for the stationary Bunsen flame 
in methane-air mixtures studied in [3] and at about 300 g/m3 in the present experiments 
performed with freely-propagating flames at reduced oxygen concentration. This 
qualitative transformation, as was shown in [2, 3], is associated with the formation of an 
aluminum dust-flame front that becomes coupled to the methane flame.  In contrast to a 
slow aluminum oxidation below the critical concentration, the width of the aluminum 
combustion zone reduces to 1–2 mm and the completeness of aluminum combustion 
increases from about 50–70% to 100%. The flame temperature also jumps from values 
characteristic of the methane flame with aluminum as an inert additive to temperatures 
predicted by thermodynamic calculations with aluminum as a fuel capable of reacting with 
water and CO2 in the methane combustion products [2].  
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Due to the heat input from aluminum combustion, the coupled methane-aluminum flame 
can propagate at much larger dust concentrations than for inert SiC-powder loading, as 
shown in Fig. 4. Thus, while the methane flame could not propagate at all for SiC 
concentrations exceeding 300 g/m3, it propagated without difficulty at Al concentrations 
up to 600 g/m3, which is the highest concentration that the current dust dispersion system 
can reliably provide. The coupled methane-aluminum flame exhibits two different types of 
quenching behavior depending on the aluminum concentration and the width of the 
channel. At aluminum concentrations below 450 g/m3, the aluminum flame becomes 
decoupled from the methane flame when entering the channels and quenches. In this case, 
only methane flamelets propagate through the quenching channels, as observed in the video 
frame sequence in Fig 5 (notice the color change of the flamelets compared to the 
aluminum-methane flame entering the plates). The coupled aluminum flame, however, re-
establishes itself in less than a tube diameter after the flame emerges from the quenching 
channels (see Fig. 5). 

 

 

Figure 22 Frame sequence of the hybrid CH4-Al flame propagating through the quenching plate 
assembly at aluminum concentration of about 400 g/m3. Upon entering channels, the aluminum 
flame quenches and only methane flame propagates through. 

 

At aluminum dust concentrations above 450 g/m3, the flame can only propagate through 
the channel as a coupled methane–aluminum flame without changing its appearance 
(brightness). It continues to propagate as a coupled flame upon emerging from the 
quenching plate assembly. It is also interesting to note that the coupled flame inside the 
channel seems to demonstrate a much weaker dependence of the quenching distance on 
concentration than the decoupled methane-aluminum flames (see Fig. 4).  
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Discussion 

In order to understand the role of the heat release from reactive aluminum particles on the 
quenching of flames in hybrid fuel mixtures, an analysis of how inert-particle loading, with 
the same physical properties as aluminum, would affect the methane flame was performed 
using the simple Spalding model of a one-dimensional flame with heat loss [10]. The 
particles were considered to be in complete thermal and mechanical equilibrium with the 
gas. The overall effective methane kinetics and molecular transfer coefficients were 
determined by the Cantera software [11] with the reduced DRM-19 kinetic mechanism 
[12]. The heat loss term in the Spalding model was estimated for the slot formed by the 
two parallel plates of infinite width. The results of calculations of the flame quenching with 
non-reactive aluminum particles are shown in Fig. 6 and are compared to experimental 
results on aluminum-methane flame quenching. The experimental quenching curve in Fig. 
6 is the boundary of the shaded area shown in Fig. 4 that separates flame-quenching and 
propagation events as a function of aluminum concentration.  

As can be seen from Fig. 6, the quenching distances calculated with the assumption of inert 
non-reacting aluminum particles agree reasonably well with experimental data up to 
aluminum concentrations of about 400 g/m3. The small and increasing deviation between 
experiment and theory in this concentration range can be the result of the temperature lag 
between particles and gas that was not taken into account in the calculations. The lack of 
thermal equilibrium between particles and gas effectively reduces the heat capacity of the 
suspension that leads to a higher flame temperature than the model predicts. Naturally, the 
difference between the calculated and measured quenching diameter progressively rises 
with the increase of solid fuel concentration because of the larger influence of the 
increasing heat capacity.  

The appearance of the aluminum dust-flame front coupled to the methane flame at dust 
concentrations around 300 g/m3 does not immediately reduce the value of quenching 
distance or the rate of its rise with an increase in aluminum concentration. This behavior, 
as observed in the high-speed movies, is understandable since the aluminum flame 
quenches within the narrow channels at concentrations below 400 g/m3. Thus, in spite of 
burning in the large diameter flame tube, aluminum plays the role of inert particles for the 
flame inside the channels.  Only at concentrations above 400 g/m3, when the coupled 
methane and aluminum flame fronts propagate and quench within narrow channels as a 
whole, does the difference between inert and reactive particulate suspensions become 
pronounced. Thus, while the theoretically predicted quenching distance for inert particles 
increases with dust concentration almost exponentially, the rise of the quenching distance 
for coupled aluminum-methane flames tapers off and is linear for concentrations above 400 
g/m3. Comparison of the flame extinction results, obtained with inert SiC (Fig. 3) and 
reactive Al (Fig. 4) particulate suspensions, demonstrates that flame propagation beyond a 
certain solid suspension concentration becomes impossible without assistance from the 
dust flame not only in narrow channels but, eventually, also in the wide flame tube. Thus, 
the flame propagation limits for flames seeded with reactive powders are, in general, much 
wider than for suspensions with inert particles, as could be expected.  

The qualitative change of the hybrid flame quenching behavior with an increase of solid 
fuel concentration becomes more understandable if we consider various flame structures, 
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obtained with different proportions of reactive phases in a binary fuel mixture.  Such 
analysis was first performed in our earlier work [7] in the framework of a simple analytical 
model that considers a flame in a suspension of two chemically different dust fuels. The 
model developed in [7] can be used for a qualitative analysis of the methane-aluminum 
flame, even though it was constructed using the assumption of a diffusive-combustion 
regime with two well-defined ignition temperatures for the particles in both fuel fractions. 
In the methane-aluminum flames studied here, both fuels burn in the kinetic mode [3], but 
similar behavior of the coupled fronts will be observed whether the model uses the ignition 
temperature and burning time, or is based on successive kinetic reactions of Arrhenius 
form. 

The model predicts the occurrence of three different types of flame structure, shown in Fig. 
7, which appear consecutively with an increase of the concentration of the second fuel (the 
concentration of the first fuel being assumed fixed).  

 

 

Figure 23 Schematic representation of different possible front structures in a binary fuel mixture: 
I, below threshold concentration of the second fraction when only first fuel burns frontally; II, 
double-front structure in the “control” flame mode; III, flame structure in the “merged” fronts 
mode. 
 

The type I structure consists of a single combustion front burning the first fuel while the 
second fuel plays the role of an inert additive that merely decreases the flame speed. The 
second flame front appears only above some critical threshold concentration of the second 
fuel when the flame speed through the second fraction, preheated by the combustion of the 
first, becomes able to match the flame speed of the first flame front. The double-front flame 
structure (type II structure) has two well-defined preheat zones and is stable due to the 
thermal interaction between fronts through molecular heat transfer. Thus, as the separation 
distance (Z) between the two fronts increases, the heat flow from the second front to the 
first one decreases, and the first flame speed drops. The shrinkage of Z correspondingly 
raises the heat input from the second front and, consequently, increases the flame speed. 
Such a binary flame structure is known in the literature as the “control” propagation mode 
[13, 14] because the second combustion front controls the total flame speed through the 
aforementioned thermal interaction mechanism with the first flame. However, due to large 
separation distances between the flames, the “control” combustion mode is vulnerable to 
heat loss and, thus, the second flame can be more easily extinguished in the quenching 
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channels. Evidently, the first flame structure type with a single flame front is realized in 
our case at aluminum concentrations below 300 g/m3 while the second double-front flame 
structure in the “control” flame mode occurs between 300 and 400 g/m3 in the flame tube 
outside the quenching channels.  Because of the sensitivity of the double flame structure to 
heat loss, aluminum combustion extinguishes, and the flame converts to the type I single-
front structure where aluminum is inert, as soon as the flame enters the narrow channels. 

The third type of flame structure is the so-called “merged”-front propagation mode (type 
III in Fig. 7) [13, 14] which eventually appears at large concentrations of the second 
fraction when it starts to dominate the total heat production in the flame. In type III flames, 
the flame speed through the second fraction increases to a point where the stable structure 
can only be formed with overlapping combustion zones of the two fractions. Having only 
a single preheat zone, type III flames are more compact than type II flames and thus are 
more resistant to heat losses. Such flames can only be extinguished as a whole, since the 
first flame front cannot exist alone with an inert second fraction due to the effect of its very 
large heat capacity (see SiC results in Fig. 3). Clearly, the third “merged”-front mode is 
realized in our case at aluminum fuel concentrations above 400 g/m3, where the coupled 
aluminum-methane flame is seen to propagate and quench as a single front.  

 

4. CONCLUSIONS 
The main findings from this investigation can be summarized as follows: 

Seeding of a stoichiometric premixed methane-air mixture with both inert SiC and reactive 
Al particles increases the flame quenching distance. At 16.3% reduced oxygen 
concentration in the mixture, the quenching distance increases from about 3.5 mm for an 
unseeded methane flame to about 9.5 mm for a flame seeded with 270 g/m3 of inert SiC 
powder.  It increases to about 10 mm for mixtures with Al concentrations of 600 g/m3. 

Coupled aluminum-methane flame fronts only appear above a threshold aluminum 
concentration around 300 g/m3. Below this concentration, the appearance and quenching 
behaviors of the methane flame seeded with reactive aluminum and inert SiC dusts are 
similar.  The coupled aluminum-methane flame demonstrates two quenching modes. At 
concentrations below 400 g/m3, the aluminum flame decouples from the methane flame 
and quenches in the narrow channel while the methane flame still propagates. The 
quenching of a decoupled methane flame in a narrow channel resembles the quenching 
behavior of the inert powder-seeded flame. At concentrations above 400 g/m3, the coupled 
aluminum-methane flame can only propagate, or be extinguished, as a whole and exhibits 
a weaker dependence of the quenching distance on aluminum concentration.  

The structure and quenching behavior of the methane-aluminum flame is qualitatively 
interpreted using a previously-developed simple analytical model for the description of 
flames in binary dust suspensions. The model correctly predicts the existence of a threshold 
concentration above which the linked methane-flame structure appears, as well as indicates 
the existence of the so-called “control” and “merged” flame propagation modes in hybrid 
mixtures which aid the interpretation of the flame quenching behavior.  
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SECTION 3. OPTICAL DIAGNOSTICS IN DUST 
FLAMES 
 

Chapter 1. Ultraviolet (UV) Absorption Spectroscopy in Optically 
Dense Fireballs Using Broadband Second Harmonic Generation of 
a Pulsed Modeless Dye Laser 
 

1. INTRODUCTION 
Combustion measurements within the fireballs generated by explosives and other 

energetic materials have several diagnostic hurdles owing to the multiphase dynamics, the 
high temperatures, short time scales, and high optical depths of the combustion event. 
Explosives are often enhanced by the addition of solid phase fuels like metal particles 
which create high temperature environments of particulate and gas phases within the 
fireball. The relevant diagnostic time scales within explosives systems are typically on the 
order of several microseconds necessitating diagnostics which can be performed with this 
time resolution. 

One of the key diagnostic capabilities is the characterization of temperatures within 
the fireball and the ability to monitor chemical species that evolve during the combustion. 
Optical techniques are more robust within the high temperature, multiphase environments 
where mechanical probes methods are difficult to implement due to temperature limitations 
and slow response time.   In fireballs containing reactive particles, it is possible that the 
temperatures of the solid phase and gas phase may be different due to kinetically limited 
and diffusion limited particle reactions. Spectroscopic diagnostics may be able to analyze 
the possible separation of particle and gas temperatures by examining the gas phase 
components of the flame thereby demonstrating the regimes of particle combustion. 

The high luminosities of fireballs of energetic materials lend to the prevalence of 
emission based diagnostics. The condensed phase temperature is often determined by using 
optical pyrometry or by fitting the continuum from the condensed phase to a Planck 
distribution, and this technique has been used as a temperature diagnostic in energetic 
materials in many studies.1, 2   There is also precedent for using metal salt tracers to 
introduce vaporized atomic species into flames to determine electronic excitation 
temperatures which can be extended to diagnostics of explosives.3  Lewis et al. have shown 
that by using atomic tracer elements seeded into explosives that a gas phase temperature 
can be measured from the relative intensities of the resulting atomic lines in the emission 
spectrum of the fireball.4 Emission from the diatomic species present in the combustion of 
energetic materials (e.g. AlO) can also be fit to theoretical transitions to determine 
temperatures and concentrations.5 

 Emission spectroscopy measurements probe upper (excited) electronic states, and, 
in many cases, especially when the upper state is strongly populated by exothermic 
reactions, the population distribution in the upper state is not representative of the more 
abundant ground state molecules.3 In general, a temperature derived from an emission 
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measurement should be checked for rotational/vibrational equilibrium or by comparing to 
an absorption measurement.  In the particular case of optically thick fireballs, it has been 
shown that the detonation products of gram scale and higher experiments that the 
attenuation lengths are on the order of a few centimeters implying that the temperatures 
derived from the emission measurements may be only representative of the outer edge of 
the fireball.6 

The preferred measurement, in these cases, would be to probe the ground state in 
absorption which provides quantifiable information on species concentration and 
temperature, though the measurements are path averaged. However, absorption 
measurements in fireballs are difficult owing to the intense luminosity of the fireball and 
the high intensity and coherence required from a broadband source to penetrate the fireball 
in order to perform the measurement.  

The limitations of emission spectroscopy have prompted several experiments to 
probe of the inside of explosive fireballs. Lewis et al. found no significant difference in 
apparent temperatures measured by emission spectroscopy of the interior and the outer 
edge of an RDX explosive cloud revealing the possibility of temperature uniformity 
throughout the fireball at certain times during the combustion.7 Carney et al. demonstrated 
the use of a booster optical amplifier to measure the absorption of water vapor in the near-
infrared (NIR) and obtained a line-of-sight temperature measurement in a high explosive.8  

In previous work, Glumac was able to show proof-of-concept experiments using a 
modeless dye laser as a spectral source for absorption spectroscopy measurements in 
optically thick fireballs.9 Modeless dye lasers offer a widely tunable, relatively high 
bandwidth (~1-10 nm) coherent source and have moderate divergence and high power. In 
optically thick regions, there is difficulty in passing sufficient signal to detector from other 
broadband sources due to the scattering of the light. The dye laser offers an intense, 
directional beam allowing the strong rejection of the fireball luminosity and sufficient 
signal at the detector even at 98% attenuation. 

Dye beam wavelengths are limited to above the near-ultraviolet (UV) due to the 
nature of the available dyes. A great number of important diatomic and atomic transitions 
occur below these wavelengths necessitating broadband UV spectral sources that can 
access the transitions. The advantage of dye lasers is that almost any visible wavelength 
can be reached by the appropriate selection of dye.  By utilizing broadband second 
harmonic generation (SHG) of the dye laser beam using a nonlinear crystal, the wavelength 
range can be extended into the deep UV. Absorption measurements of several more atomic 
and diatomic species become possible for diagnostics ranging from the transitions found 
in hydrocarbon flames (e.g. OH, CN, NO) to those associated with the combustion of 
energetic materials (e.g. Ni, Fe, BO, AlCl).  In this work, energetic systems are examined, 
and a stationary gas of NO is used to calibrate the diagnostic. Time resolution of the 
diagnostic is demonstrated by probing Al atomic line absorptions in exploding bridge wires 
(EBW). Finally, the diagnostic is used to obtain spectra from diatomic species of metal-
fluorocarbon reactions (MgF and AlF) in dispersed flash powders which are of recent 
interest to enhance combustion performance in energetic materials.10, 11 Spectra are fit to a 
model in order to confirm the species and yield path averaged temperatures.  
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2. EXPERIMENTAL APPARATUS 
Dye laser configuration 

The schematic of the entire setup is shown in Figure 1. A frequency tripled, 
compact neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Quantel) at 355 nm 
with 5 ns pulses at 20 Hz is used as the pump for the dye laser. The maximum power 
available from the laser is approximately 60 mJ per pulse. The built in flash-lamp/Q-switch 
delay on the laser is used to adjust the power to pump the dye with 2-4 mJ per pulse which 
produces sufficient dye laser energy for the experimental setup.  

The custom dye laser configuration is demonstrated in previous work by Glumac 
to produce a modeless beam with about 5% efficiency.9 The 355 nm Nd:YAG beam is 
passed through a cylindrical lens to produce a horizontally spread beam and then focused 
down in the vertical direction by a second cylindrical lens onto a quartz dye cuvette 40 mm 
in length. The cuvette is tilted at a 20 degree angle to minimize etaloning effects.  A full 
reflecting mirror is placed at one end of the laser cavity approximately 10 cm from the 
cuvette, though for a modeless laser this distance may vary without much consequence. 
The laser has no output coupler, and the front end is empty aside from an iris to prevent 
stray light and an achromatic collimating lens with a focal length of 175 mm to counteract 
the moderate divergence of the beam. 

In cases where higher power and better beam shape is desired, Glumac shows that 
a partially reflecting mirror may be used at the front end of the cavity as long as the cavity 
is designed with very low finesse.9 Modeless dye lasers designed for broadband coherent 
anti-Stokes Raman spectroscopy (CARS) utilize Bethune dye cells and pass the initial dye 
beam through an amplifier to change the beam shape and divergence.12 The power of the 
pump beam may be increased by using a flowing dye cell since stationary dyes tend to 
degrade quickly under high pump powers. The advantage of the modeless configuration is 
the broadband character which is found to have a much smoother spectral distribution of 
intensity.13 The power of the dye beam produced by an empty cavity front end and a 
stationary dye cell is found to be sufficient for the systems examined in this work. The 
Coumarin 450, 460, and 540 (Exciton) dye laser pulse energies are measured to be 0.1-0.2 
mJ per pulse for a pump beam energy of 2-4 mJ. 
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Figure 24. Schematic of the entire setup for the absorption measurement. A pulsed Nd:YAG (355 
nm) pumps a dye cell in a grazing incidence configuration. The modeless dye beam is then 
focused onto a BBO-I crystal, and the resulting UV beam is collimated and separated from 
fundamental and passed through the combustion chamber. 

Second harmonic generation 

The wavelengths produced by dye lasers are limited to wavelengths above 330 nm 
for Nd:YAG pumped dyes. To extend deeper into UV spectrum to access a much greater 
number of species, the beam can be passed through a non-linear crystal for SHG. Critical 
phase matching to the non-linear crystal allows for efficient SHG of a monochromatic 
beam by simply rotating the crystal to the optimum angle determined by the crystal cut. 
Wavelengths in a broadband beam which are outside the phase-matching bandwidth, 
determined by the thickness of the crystal and the diameter of the beam incident on the 
crystal, will typically have very low SHG efficiencies. The beta barium borate (BBO) type 
I, 7mm crystal with a cut-angle of 52 degrees (Radiant Dyes) used in this study theoretically 
has less than 0.1 nm of phase matching bandwidth at the desired wavelengths for NO 
absorption. Shorter crystals will theoretically provide higher spectral bandwidth at the 
expense of conversion efficiency.  

The broadband nature of ultra-short laser pulses has led to the development of 
several techniques for increasing the phase matching bandwidth in crystals using chromatic 
dispersion of the fundamental beam.14-17 Due to the relatively low power of the dye beam 
in this experimental setup, the use of any method of increasing the bandwidth which 
requires a significant loss in power is generally not desired. Dispersive elements can cause 
significant losses due to reflections of the required polarization for SHG in the nonlinear 
crystal at the surfaces of the dispersive element.  

Unlike the large bandwidth of ultra-short pulses (typically around 100 nm), the 
bandwidth of the second harmonic pulse in the present experiments is only few nanometers 
in wavelength since the bandwidth of the fundamental dye beam has only around 10 nm of 
bandwidth at maximum. Previous studies indicate that by simply creating a strong focusing 
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condition of the fundamental beam into the crystal, a significant bandwidth in the 
frequency doubled beam can be achieved at a fraction of the signal loss compared to 
dispersive methods.18, 19 To demonstrate this in the current experiment, the spectral 
bandwidth of the SHG of a Coumarin 540 dye beam under different focusing conditions is 
plotted in Figure 25. The crystal is first rotated to the central phase matching angle of the 
dye beam, and the lenses are varied without changing the crystal angle. The tight focus 
decreases the effective interaction length thereby increasing the spectral bandwidth. 

 

 

Figure 25. Spectral bandwidth of the second harmonic for different focal lengths of the lens used 
to focus the fundamental beam onto the nonlinear crystal. 

   

Without spectral dispersion, the fundamental dye beam is focused onto the crystal 
with a 50 mm focal length achromatic lens. The crystal is then rotated until the second 
harmonic appears and adjusted to the desired spectral position. The combined fundamental 
and second harmonic beams are then re-collimated using a UV fused silica (UVFS) 25 mm 
focal length plano-concave lens. It is found in previous studies under strong focusing 
condition, the UV beam emerges nearly collimated in the horizontal direction.15 The re-
collimating lens allows the collimation of the beam in the vertical direction but causes 
divergence in the horizontal direction necessitating cylindrical correction optics to shape 
the beam in the horizontal direction (see Figure 24). The combined fundamental and second 
harmonic emerging from the crystal are first passed through a UVFS dispersion prism with 
an apex angle of 60 degrees to separate the fundamental from the second harmonic and 
then shaped with a UVFS cylindrical inverse telescope consisting of a 75 mm and 25 mm 
focal length UVFS plano-convex cylindrical lens. The resulting beam is approximately 5 
mm in diameter as seen on a UV viewing card. The spectral profiles of an example dye 
beam (Courmarin 450 at 920 μmol/L concentration in ethanol) and the second harmonic 
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are shown in Figure 26. The pulse energy from the second harmonic of the Coumarin 450, 
460, and 540 dye beam is determined to be 1-5 μJ per pulse. 

 

Figure 26. (top) Spectral bandwidth of modeless dye beam with Coumarin 450 as the dye averaged 
over several pulses. (below) The spectral profile of the second harmonic. 

 

After passing through the combustion chamber, the UV beam is focused onto the 
50 μm slit of a customized 1260 mm focal length Czerny-Turner SPEX 1250 spectrometer 
with deviation angle of 11 degrees and a 3600 grooves/mm UV holographic grating 
(Optometrics). The detector used for NO absorption is a GARRY 3000 which is a CCD 
line array of 3000 pixels each 7 × 200 μm. The approximate resolution achieved by this 
spectrometer is approximately 0.01 nm full-width-half-maximum (FWHM) determined by 
the FWHM of an elemental calibration line over a range of about 4 nm on the detector. The 
detector used in flash powder tests is a Hamamatsu C7041 CCD array with 1044 × 255 
pixels each 25 μm × 25 μm with an approximate resolution of 0.013 nm FWHM over about 
a 4 nm range. The spectrum is binned over the entire chip. Even at low dye beam powers, 
the generated SHG UV beam is sufficient to saturate the spectrometer detectors with a 
single pulse. 
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3. RESULTS AND DISCUSSION 
Stationary NO gas 

The diagnostic is first calibrated with the NO A2Σ+ ←X2Π (0,0) transition in the 
226 nm to 227 nm range, the fundamental dye beam is created by pumping a solution of 
Coumarin 460 (Exciton) in ethanol at 0.005 mol/L. The resulting spectral bandwidth of the 
UV beam generated from the strong focusing of the dye beam onto the crystal is 
approximately 1.5 nm at FWHM. The spectral position on the detector is calibrated using 
a Ni-Ne hollow cathode lamp (Azzota) and checked against the position of the strong NO 
transitions.   

A test system of NO is generated in a sealed chamber with fused silica windows using a 
continuous electric arc discharge in air. The electrodes are mounted within a 5 cm wide 
sealed chamber with quartz windows. The amount of NO produced in the chamber is 
correlated to the duration of the arc.  

The laser is set to pulse continuously (20 Hz), and integration time is set to one second on 
the detector in order to obtain an averaged spectrum over the 20 pulses. A reference 
spectrum is first taken in the empty chamber. An optically thin spectrum of NO is 
obtained by producing an arc for five seconds or until only a slight absorption feature is 
qualitatively observed in the raw spectrum. The resulting spectrum and comparison to the 
LIFBASE simulation20 is shown in Figure 4. Good agreement is shown between the 
simulation and resulting averaged spectrum from several laser shots in the optically thin 
limit.  

 

 
Figure 27. NO spectrum at low concentration from continuously pulsed laser (20Hz) integrated 
over 1 second compared to spectrum simulated by LIFBASE at T=300K. 
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A single pulse measurement is then taken in a high concentration of NO to simulate 
conditions in an optically dense fireball medium. The detector is set to a two second 
integration time and a reference pulse averaged over ten pulses taken in the empty chamber. 
An arc is then produced in the chamber for 30 seconds until the absorption signal is 
noticeably visible over the noise from the laser, and a second pulse is recorded. The 
transmittance from the single pulse measurement is plotted in Figure 28. A simulation of 
the NO absorption spectrum is provided by LIFBASE for comparison using the resolution 
of 0.013 nm obtained by spectrometer calibration and set to room temperature at 300 K. 
The single pulse absorption measurement produces a high signal to noise spectrum across 
a 1 nm region with approximately 30 well resolved rotational lines.  A comparison of the 
optically thick with an optically thin LIFBASE spectrum shows clearly the effects of 
optical depth in the spectrum, which enhance weaker lines at the expense of stronger ones.  

 

 
Figure 28. NO spectrum under optically thick conditions from a single pulse compared to 
spectrum simulated by LIFBASE at T=300K. 

 

Time resolution in exploding bridge wires 

The ability to time resolve species absorption in the UV is demonstrated in the 
vapor cloud produced by an aluminum EBW. Previous work9 showed that Al 
concentration in an exploding bridgewire cloud varies strongly over the first millisecond 
after breakdown.  The same dye mixture used in the stationary NO gas measurement is 
used to probe the spectral range from 226 nm to 227 nm. To create aluminum bridge 
wires, aluminum foil is cut into thin strips approximately 0.5 mm wide × 25 μm thick. 
The thin strips are then clamped between two electrodes set approximately 1 cm apart. 
The center of the UV beam is then positioned approximately 1 cm above the bridgewire. 
The electrodes are then connected to a Teledyne RISI FS-43 fireset synchronized to the 
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laser pulse output by a delay generator (Quantum) to allow for measurements at different 
times after the bridgewire initiation. An optical beam shutter (Thor Labs) is placed in 
front of the combustion chamber and connected to the pulse generator. Several single 
shot experiments are conducted with the absorption probe beam passing through the 
cloud at different times after breakdown.  Before each wire is initiated, a reference pulse 
averaged over ten pulses is taken. 

The resulting spectra for aluminum absorption lines at 200 μs increments after 
the initiation of the bridge wire are shown in Figure 29. Two atomic absorption lines, 
the Al I (2Po

1/2→2D3/2) transition at the lower wavelength and the Al I (2P°3/2→2D5/2) 
transition at the upper wavelength,21 are apparent in the spectrum. It is seen initially that 
after the explosion, the absorption lines are extremely broad while gradually thinning 
out at later times. The broadening is attributed to the increase in equivalent width due 
to the optically thick spectrum. The observed linewidth far exceeds the expected 
pressure, Doppler, and Stark broadened linewidths in the bridgewire environment. 

 

 
Figure 29. Al atomic line absorption in EBWs taken in a series of experiments at different times 
after bridge wire initiation. 
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Metal-Teflon Flash Powders 

Flash powders mixed with PTFE powder are used to examine fluorinated metal species in 
absorption in a solid fuel combustion environment. The spectrum of AlF is examined in a 
flash powder a powder of containing KClO4/PTFE/Al (57/10/33 by wt %). The spectrum 
of MgF is examined in a flash powder containing KClO4/PTFE/Mg (40/10/50 by wt%).  
An EBW is used to disperse and ignite the powders. A tungsten bridgewire with 0.005 cm 
diameter (McMaster Carr) is attached between the electrodes in the combustion chamber. 
Testing the tungsten wire in the same manner as described in the previous section revealed 
no absorption features in the regions of interest at any time after the initiation of the 
bridgewire making it an ideal candidate for dispersing powders.  A piece of non-conductive 
tape is placed directly under the bridgewire to support a small pile of flash powder (5 mg) 
that rests on top of the wire. The bridge wires are initiated and spectrum recorded in the 
same manner as described in the previous section. 

 

Spectroscopic Model for AlF and MgF 

The procedure for calculation of line positions and intensities used in this study is outlined 
in Arnold et al. utilizing the approximation to the Voigt profile provided in the reference.22 
The spectroscopic constants for the aluminum AlF A1Π←X1Σ+ transition are taken from  
Rowlinson and Barrow.23 The Franck-Condon factors for the first five vibrational levels of 
the Δv=0 transitions are taken from Liszt and Smith.24 Due to the nearly vertical nature of 
the transition, factors for five subsequent vibrational levels are estimated to be unity. 
Spectroscopic constants for the magnesium MgF B2Σ+←X2Σ+ transition are taken from 
Huber and Herzberg.25 Frank-Condon Factors for the first five levels of the the Δv=0 
transition were taken from Maheshwari et al..26 Expressions for Hönl-London factors for 
both molecules are taken from Kovacs.27 The calculation of the absorption coefficients is 
outlined by Luque.20 

The classical Beer’s law expression is used to describe the absorption. There are five 
adjustable parameters for the simulation of absorption spectrum taking into account the 
optical thickness: the temperature, a factor of non-resonant absorption/ scattering, a factor 
of the amount of light that passes through the absorbers, an effective product of the number 
density and path length, and the effective resolution. The slit function of the spectrometer 
setup is approximated as a Lorentzian function. The transmittance is plotted as a function 
of the wavelength. The fitting parameters are the same as described in previous work in 
modeling the AlO absorption spectrum.28 The model is meant to be primarily used to verify 
the species being probed. The quantitative accuracy of the temperature measurement is not 
assessed in this work. 

 

MgF detection in dispersed flash powder combustion 

The MgF B2Σ+←X2Σ+ Δv=0 bandhead is observed at 268.85 nm. In order to reach this 
transition, a Coumarin 540 dye at 0.0035 mol/L concentration is used to produce the 
fundamental beam. The UV pulse energy is measured to be 3 μJ.  The spectral position on 
the detector is calibrated using the atomic lines produced by a Fe-Ne hollow cathode lamp 
(Analyte).  The spectral bandwidth after doubling is approximately 2 nm with a profile 
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similar to the bandwidth in Figure 25. The combustion of the dispersed magnesium flash 
powder provides moderate optical thickness of the MgF spectrum at times 500-600 μs after 
the initiation of the tungsten EBW. The resulting spectrum is shown in Figure 30 along 
with the simulation at 3000 K with an effective resolution of 0.015 nm.  Despite the path 
averaged nature of the measurement, a fair fit to the spectrum is obtained using a single 
temperature. 

 

 

Figure 30. The absorption spectrum of MgF in flash powder combustion fit with a 3000 K 
simulation. 

 

AlF detection in dispersed flash powder combustion 

The AlF A1Π←X1Σ+ Δv=0 transition is observed with a strong absorption feature with a 
peak at 227.4 nm. The same Courmarin 460 dye used for the aluminum bridge wire tests 
is used to produce the fundamental beam. The crystal is angle adjusted to center the beam 
in the 227 to 228 nm region of interest for AlF. The resulting pulse energy is approximately 
1 μJ.  The spectral position is calibrated by the Ni-Ne hollow cathode lamp. Measurements 
of AlF are taken approximately 800-1000 μs after the initiation of the EBW, and produce 
noticeably optically thick spectrum. There is considerable difficulty in obtaining an 
optically thin spectrum since the highly optically thick signal rapidly decays to negligible 
signal. An example spectrum of the AlF transition is shown in Figure 31 with a simulation 
at 2800 K with an effective resolution of 0.015 nm.  There is disparity of the model in the 
blue-degraded absorption feature at 227.4 nm possibly due to an unaccounted source of 
broadening or from the relative uncertainty of the spectroscopic constants in the literature. 
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Figure 31. The absorption spectrum of AlF in flash powder combustion fit with a 2800 K 
simulation. 

 

The intensity and coherence of the UV beam allows for easy alignment of the spectrometer 
in the second order of the grating. In the second order, the dispersion and resolution are 
more than doubled. The theoretical instrument resolution becomes 0.0026 nm with a range 
of 1.4 nm. The second order spectrum is shown in Figure 32. It is observed that pulse noise 
is increased. Although the majority of the rotational lines are too closely spaced to be 
resolved, a new feature appears in the main spectrum at about 227.5 nm which also appears 
in the simulated spectrum. The second order spectrum is again fit to a temperature of 2800 
K. 

 

 

Figure 32. Second order spectrum of AlF with a simulation at 2800 K. 
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Absorption saturation 

High pulse intensities can optically pump the absorption medium so that sufficient 
population in the in excited state may cause non-linear absorption effects. Full saturation 
is considered when the excited state population is driven by the laser radiation to match the 
ground state. In this scenario, the medium becomes effectively transparent to the laser light 
and no absorption will take place.  

The limiting pulse energy is determined for NO A2Σ+ ←X2Π (0,0) absorption as an 
example. The spectral range of the laser is considered from 226 nm to 229 nm. A beam 
radius of 2.5 mm and a pulse width of 5 ns are assumed. The calculated maximum pulse 
energy at which the excited state population reaches 25% is found to be approximately 0.4 
mJ. In cases of higher pulse energy, an increase in the beam radius can reduce the overall 
beam intensity allowing for greater pulse energy at a small expense of spatial resolution in 
the measurement. 

 

4. CONCLUSIONS 
The use of a modeless dye laser as a spectral source for an absorption measurement 

is extended into the UV beyond the limitations of pumped dye beams by using broadband 
SHG. Absorption measurements of the NO A2Σ+←X2Π (0,0) transition and atomic lines in 
aluminum EBWs are used to calibrate the diagnostic showing convergence in the optically 
thin limit over multiple pulses and to demonstrate microsecond time resolution in a series 
of experiments. The diagnostic is used to probe the fireballs of flash powders dispersed by 
EBWs to examine the optically thick AlF A1Π←X1Σ+ transition, and the MgF B2Σ+←X2Σ+ 
transition. A single temperature is  derived by fitting simulations of the diatomic transitions 
to the experimental data. A simple analysis of the laser intensity where saturation effects 
may not be negligible is given for a two level system for wavelengths near NO and AlF 
transitions.  

It is found in this setup that the pulse noise and pulse variation do not degrade the 
absorption measurement significantly.  The average standard deviation in amplitude over 
the laser pulse spectrum for a sample of ten pulses is found to be 15-20%. The noise level 
of a single pulse, however, is estimated to be 5-10%. Improvements in the measurement 
can be made by splitting  the beam before the combustion chamber and acquiring a 
simultaneous reference measurement using an array detector as demonstrated by Glumac.9 
Other broadband laser sources such as femtosecond lasers may offer superior noise 
characteristics, though currently, these tend to be more expensive than the dye based 
approach. 

A strong focusing condition of the fundamental dye beam onto the crystal is found 
to be sufficient to produce approximately 1-3 nm of bandwidth. The SHG beam is able to 
saturate the detector in a single pulse and provides enough signal to be used for a single 
shot measurement in the second order of a grating. This diagnostic provides a simple tool 
for obtaining a path averaged measurement and overcoming the difficulties of absorption 
spectroscopy in explosive fireballs and other optically thick combustion systems as shown 
in previous studies using the visible spectrum of dyes.9 Several atomic and diatomic species 
can be accessed for measurement by careful selection of dyes and crystals. Following the 
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assumption of approximately a 2 cm attenuation length from previous studies of optical 
depth in fireballs6 and assuming a pulse energy around 10 mJ max, the technique is 
estimated to be able to scale up to a 20 cm path length. 
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SECTION 4. MODELLING OF FLAMES IN 
METAL SUSPENSIONS AND IN HYBRID 
SUSPENSIONS OF METALS AND 
HYDROCARBONS 
 

Chapter 1. Flame Propagation and Quenching in Binary Fuel 
Mixtures 
 

1. INTRODUCTION 
Many combustion systems involve more than one type of fuel. For example, in mixtures 
containing solid particle suspensions, combustion properties vary considerably with the 
size of particles [1] as well as with the presence of combustible gases in so-called hybrid 
flames. This variation often lead to staged combustion in flames and the appearance of 
multiple fronts. These have been observed, among others, in the combustion of metallized 
propellants [2] or in systems undergoing self-propagating high-temperature synthesis [3]. 
In the case of solid-gas fuel mixtures, experimental tests have studied the structure of 
flames in well-defined suspensions of micron-sized aluminum in methane-air mixtures [4]. 
A stabilized methane-air Bunsen flame was loaded with increasing concentrations of 
aluminum particles. At low concentrations, only a gas flame seeded with particles exists. 
As the concentration reaches a critical value, the aluminum reaction is sufficient to create 
and stabilize a second front in the products of the methane-air flame. Both flames appear 
somehow coupled and no visible change is observed for higher powder concentrations. The 
brightness of the aluminum flame, however, prevents a direct observation of its structure. 
A visual assessment was possible in the case of iron suspension in methane-air [5]. Here, 
the flame exhibits a similar behavior to the aluminum case and the presence of two 
interacting fronts can be clearly observed for concentrations above a critical value.  
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Stabilized Bunsen flames can nevertheless give only limited information on the nature of 
this interaction and on the conditions of formation of the second (metal) fuel front. The 
flame structure can be better probed by observing what happens as it approaches its 
propagation limits when it is subjected to heat losses. An experimentally easy way to 
achieve this is to measure the quenching distances of the flame, a fundamental quantity 
linked to heat losses. Tests, performed by our group on freely propagating flames in tubes 
[6], examined the quenching distances for the same aluminum suspensions in methane-air 
mixtures as in [4] over a large range of powder concentrations. Quenching was monitored 
by observing the flame propagation through narrow channels formed by a set of parallel 

equidistant metal plates placed in the tube. The existence of two fronts was observed only 
above a critical powder concentration. Below this value, the flame consisted only of one 
methane-air front whose quenching distances increased with increasing powder 
concentration, similar to background tests performed with suspensions of inert SiC 
particles in the same methane-air gas mixture. Above the critical concentration, a coupled 
aluminum-methane flame, similar to the one in [4], formed in the tube. Depending on the 
powder concentration, two quenching behaviors were observed. Upon reaching the narrow 
channels, the flame first decoupled, i.e. the aluminum front extinguished while the methane 
flame propagated through the channels. As illustrated by Fig.1., once the methane flame 
emerged from the narrow channels, the aluminum front sometimes reappeared. This 
decoupled gas flame exhibited a similar dependence on powder concentration as the one 
loaded with inert SiC particles. At even higher concentrations, the flame stayed coupled 
and either propagated through the channels or completely quenched. 

A qualitative interpretation of the experiments was based on the role of the aluminum 
powder, depending on whether it formed a front, enhancing the heat release rate of the 
flame, or only increased the heat capacity of the mixture. The explanation was supported 
by the results of an existing analytical model [7] which considers the combustion of two 
chemically distinct fuels in a binary mixture. The different predicted flame configurations 

Figure 33: Caption of a flame propagating through the set of equally spaced quenching plates 
(reprinted from [6]). The disappearance of the bright aluminum front and its reforming once 
the dimmer methane flame has reached the end of the plates attests flame decoupling. 



141 
 

(Fig. 2), based on varying proportions of reactive phases in the mixture, explained the main 
features observed in the experimental tests, i.e. the absence of the second front at low and 
its formation at a critical aluminum concentration, as well as the flame coupling/decoupling 
behaviors. An analogy has been drawn with similar analyses of successive reactions in gas 
flames [8, 9]. 

The aim of the present work is to extend the aforementioned model [6, 9] to include the 
effects of heat losses to the channel walls, obtained from a previous work on single front 
solid-gas mixtures [10] to explain the different quenching modes observed and thus to 
obtain a qualitative understanding of flame propagation in binary fuel mixtures.    

 

2. EXPERIMENTAL APPARATUS 
The present model, based closely on previous work [7, 10], examines the combustion of 
two chemically independent fuels in a steady-state stationary flame which are represented 
as two reactive fractions of a binary mixture. The model neglects any chemical effects and 
considers only the heat equation. The combustion of each fraction is assumed to occur in 
the diffusive regime and can be therefore approximated as a step function triggered as soon 
as the temperature reaches an ignition temperature associated with each fraction. A recent 
publication [11] suggests that this representation may be in fact extended well beyond such 
considerations and may pertain to gas combustion with Arrhenius kinetics under certain 
circumstances. Moreover, to simplify the calculations of the analytical model, the mixture 
is fuel-lean, so that each reaction is limited only by the fuel which burns for a preset 
combustion time, associated to each fraction (τ1 and τ2),  at a constant heat release rate.  

 

 

Combining the previous considerations, the individual fronts, associated with the 
combustion of each fraction can be modeled by means of Heaviside step functions. In the 
present paper, the three flame configurations under study are depicted in Fig. 2. In the first 
case (2.a.), the second fraction does not form a front and the flame is represented by only 
one heat release zone. In the second flame (2.b), both fractions react with the oxidizer and 
form separate combustion zones. In the third case (2.c), the second fraction reacts before 
the end of combustion of the first one and both fronts are overlapped.       

Figure 34: Three configurations the flame may adopt along with temperature profiles. a) one-
front with corresponding ignition temperature, b) two separated fronts, c) two merged fronts,
with corresponding ignition temperatures θi1 and θi2 
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The present analysis is based on the previous work of one of the authors of this paper [7, 
10]. Through the same derivation logic, a stationary flame subjected to the flow of fresh 
gas at a steady-state velocity κ can be described solely through the following heat equation:  
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The expressions relating the spatial coordinate y, the dimensionless temperature θ, the 
flame speed κ, the heat loss term η and the heat source term R to their physical counterparts 
are described in details in [10]. The spatial origin is set at the beginning of the combustion 
zone corresponding to the reaction of the first fraction. In light of the model description, 
the heat release term, corresponding to the combustion zones, can therefore be expressed 
as:  
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Where Z is the position of the ignition of the second front and F τ /τ  corresponds to 
the width of the second combustion zone. Here, φ is the concentration of the second 
fraction, S1 and ζ are scalars related to the heat of reaction of the respective fractions. 

The boundary conditions and 2 more equations, linking the ignition temperatures θi1 and 
θi2 with the combustion zones of fuel 1 and 2 respectively, are: 
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Solution Procedure                                                                        

The step nature of the heat release term lead to the necessity to subdivide the integration 
domain into regions corresponding to the different values of R (Fig. 2.), and to solve 
equation (1) analytically over each sub-domain, giving:  
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Then, in order to obtain a continuous temperature profile, both the temperature θ and the 
rate of change dθ/dy were matched at the boundaries of each region. Along with the 
boundary conditions, this provided a set of twelve equations. Ten of these equations were 
used to obtain the coefficients ci and cj. The remaining two equations featured nonlinear 
expressions of the two unknowns of the current problem, namely the burning velocity, κ, 
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and the position of the second front, Z. Thus, the problem was transformed from a linear 
ODE with step forcing functions to a system of coupled algebraic transcendental equations. 

In the case of the one front model, the solution were obtained in [10] . For the double front 
model, write expression of Z and the two non-linear equations of κ: 
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3. RESULTS AND DISCUSSION 
The roots of the transcendental equations above have been obtained numerically and the 
corresponding flame speeds κ are plotted with respect to the 2nd fraction concentration φ 
on Fig. 3.a. The individual curves represent the flame speed dependence on concentration 
for a given heat loss (η). For the adiabatic case (η=0), all the three flame configurations 
have at maximum one speed solution for a given concentration. It is a well-known fact in 
combustion that in the case of heat losses, a flame may have at least two speed solutions. 
Usually, one is a physical solution, i.e. its change with respect to a given parameter is 
physically sound, while the other, non-physical, exhibits an opposite, unrealistic behavior.  
For the one-front case, where the 2nd fraction is modelled as an inert component with the 
sole effect of increasing the heat capacity of the mixture, the flame speed is expected to 
decrease with concentration. On the other hand, for the two-front case, the 2nd fraction 
actively contributes to the heat generation of the flame and its addition should have a 
positive impact on the speed. Therefore, the physical solution for all configurations is 
associated with the upper branches of the double-valued curves and the non-physical speed 
will be neglected from further discussion. It has also been known for a long time [12] that 
the meeting of both branches at a finite speed value represents the quenching point of the 
flame. Fig. 3.b., directly obtained from Fig. 3.a., highlights the various changes in flame 
behavior. Along with the adiabatic flame speeds (solid curves), the quenching curves for 
both the one-front and two-front cases were obtained. Another important curve follows the 
boundary (Z=1) between the merged- and separated-front configurations. 

 

Effect of concentration: As can be seen on both Figs 3.a. and 3.b., raising the 
concentration of the 2nd fraction φ for constant heat losses leads to changes in the flame 
configuration. This can be illustrated on the adiabatic case (η=0) by the path 1-3 (Fig. 3 
b.). At φ=0, a one-front flame (from the reaction of the 1st fraction) exists. As the 
concentration is raised (1-2), the 2nd fraction increases the heat capacity of the mixture and 
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forces the flame speed to decrease. For these low concentrations, the flame can have only 
one front. Above a critical value of φ, the flame can exist in two forms. Either the 2nd 
fraction is inert (as in the case of SiC in [6]) and the flame still exists as a one front, whose 
speed decreases with concentration until it quenches, or it acts as a fuel and can form its 
own front separated from the first one. In this case, raising the concentration leads to a 
decrease in the value of Z, i.e. the fronts approach, and the speed increases (2-3). At a 
particular concentration, the 2nd front reaches the 1st one (Z=1). A further increase leads to 
the merging of the fronts (3-4). 

 

Effect of heat losses: The flame configuration is also observed to change with increasing 
heat losses, as illustrated by paths a-d and e-g in Fig. 3.b. Both processes happen at a 
constant concentration, φ=0.11 and φ=0.24 respectively. In the first case, the adiabatic 
flame is composed of two separated fronts. As the heat losses are increased (a-b), the flame 
speed decreases and the fronts move further away, i.e. Z increases, until the second front 
completely vanishes (b). At this point, the flame speed suddenly drops (b-c) and only the 
primary flame can exist (c). Further increases in heat losses (c-d) lead to the quenching of 
this primary flame (d). The second example shows a flame at higher concentrations of the 
second fuel, where two merged fronts exist in the adiabatic case (e). Increasing the heat 
losses (e-f) leads to the decrease in flame speed and to a gradual increase in Z up to the 
point where Z=1 (f). At this point, a further increase in heat losses (f-g) leads to the 
unmerging and separation of the fronts, and later, to the quenching of the merged flames 
(g). For higher heat losses at this concentration, the primary flame cannot exist without the 
heat release from the second front and the entire flame structure quenches in unison.    

 

Figure 35: a. Flame speed dependence on 2nd fuel concentration for increasing heat losses (η=0 
to 0.095) for the three flame configurations showing physical and non-physical speeds. 
Parameters: S1=7, υ=0.8, and S2/φ=10. b. Corresponding quenching curves for one-front and 
two-front flames, and the Z=1 curve showing the change in flame structure at quenching for
increasing concentrations. Also shown, the change in flame speed for the adiabatic case (η=0) 
with increasing concentration (path 1-3) and two examples of change for increasing heat losses
at constant concentration (path a-d and e-h). 
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Comparison with experiments: The analytical results for quenching from Fig. 3.b. were 
qualitatively compared to the experimental plot (Fig. 4.a.), obtained in [6]. From the 
definition in [10], values of 1/√η , directly proportional to the quenching distances, were 
plotted with respect to the 2nd fraction concentration (Fig. 4.b.).  Both plots are divided into 
two regions. The upper one shows the flame structure within the main tube (diameter of 48 
mm) and the lower one illustrates the flame behavior in the narrow channels. 

The appearance of an aluminum front at about 320 g/m3 (Fig. 4.a.), observed in the main 
tube, virtually adiabatic compared to the narrow channels, is explained by considering the 
effect of concentration on flames, already illustrated by the path (1-3) in Fig. 3.b. and again 
shown in Fig. 4.b for different parameters chosen for better illustration of discussed 
concepts.  

A clear qualitative correspondence between the two plots leads to a physical interpretation 
of the quenching behavior of the aluminum-methane-air flames in terms of the binary 
mixture of two reactive fractions. First, at low concentrations, only a methane-air flame, 
seeded with aluminum particles forms in the main tube and propagates through the narrow 
channels before it quenches. As more slowly reacting aluminum is added, its main effect 
is to raise the heat capacity of the mixture, thus lowering its flame speed and heat release, 
and making it susceptible to quench at higher channel widths. At a critical concentration, 
the aluminum reaction is sufficient to form a front in the main tube. As the model shows, 
the two fronts are at first separated and it is relatively easily to quench the secondary front 
through heat loss, corresponding to path a-d in Fig. 3.b. As was observed in Fig. 3.b., as 
the aluminum concentration further increases, the fronts in the main tube merge (3). The 
response of such flame to heat losses is first a front separation, and then a quenching of the 
second front, with the primary front still propagating, followed by the quenching of the 
primary flame with even higher heat loss values (path e-g in Fig. 3.b.). This logic matches 
with the experimental observations of the sudden aluminum flame extinction at the 
entrance of narrow channels, the sole propagation of the methane flame between the 
parallel plates, or its quenching for very narrow channels.  As the primary methane flame 
emerges from the plates into the main tube, the decrease in heat loss allows the secondary 
front to re-couple to the primary flame [6]. As the heat release from the aluminum reaction 
increases with powder concentration, the coupled flame improves its resistance to 
extinction and propagates through narrower channels. This trend is opposite to the behavior 
of a single methane-air flame loaded with higher levels of non-reacting particles, which 
keeps increasing with concentration.  At some point, these two quenching points cross and 
the flames cannot decouple and must propagate or quench in unison. . Again, a clear 
parallel can be drawn to the cases where the aluminum-methane flame cannot decouple, 
and either propagates through the channels or quenches as a whole in unison.  
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At such high concentrations, however, the model must be considered with caution, as one 
of its initial assumption, namely the fuel-lean nature of the mixture is no longer valid. 
Therefore, a more complex analysis, considering, among others, the depletion of oxidizer 
limiting the reaction rate and heat release for both of the fractions, should be developed. 

 

4. CONCLUSIONS 
A simple analytical model, based solely on thermal considerations, is used to qualitatively 
explain some of the main features associated with the steady-state propagation and 
quenching of heterogeneous flames in binary fuel mixtures. Qualitative agreement between 
previously obtained experiments on flames of aluminum suspensions in methane-air 
mixtures was achieved in both the structure and quenching behavior of the flame. The 
effect of the key parameters, the secondary fuel concentration and the rate of heat losses, 
was examined. Both the flame existence and its structure were determined by whether the 
second fuel, aluminum in the experiments, enhanced the heat production of the primary 
methane-air front by its exothermic reaction, or hindered it by acting as an inert that simply 
increased the heat capacity of the mixture and reduced the temperature of the primary 
flame.  This simple model predicts a wide range of flame configurations, including: a 
primary front whose propagation speed decreases with increasing concentrations of an 
effectively-inert second fuel; the formation of a secondary flame front at a critical 
concentration at a large separation distance; a reduction in separation distance between the 
two fronts as the concentration of the second fuel, and therefore its flame speed, are 
increased; and a merging of the two fronts into a flame structure with overlapping heat 
release zones. This simple model explains why, for some intermediate concentrations, the 
flame thermal coupling is not strong enough to withstand heat losses and the secondary 
front quenches while at higher concentrations the merged flame fronts become indivisible 
and must propagate or quench in unison. The results of the simple model do not capture 

Figure 36: Comparison of experimental results from [6] (a.) with analytical findings of the 
model (S1=7, υ=0.3, S2/φ=10) in the tube and the narrow channels. The colored regions 
correspond to respective flame configurations. The dotted line indicates the first appearance 
of the two-front flame in the main tube. 
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the full picture, as many effects are purposefully neglected, but allows the complex 
quenching behavior of flames burning binary fuel mixtures to be understood. 
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Chapter 2. Reaction of a Particle Suspension in a Rapidly-Heated 
Oxidizing Gas 
 

NOMENCLATURE 
α  thermal diffusivity [m2s-1] 
β  mass transfer coefficient [m1s-1] 
γ  stoichiometric index 
λ  thermal conductivity [W1m-1K-1] 
ρg  gas density [kg1m-3] 
ρs  solid density [kg1m-3] 
A  particle surface area [m2] 
B  particle concentration [kg1m-3] 
cg  gas specific heat capacity [J1kg-1K-1] 
cs  solid specific heat capacity [J1kg-1K-1] 
Cs  oxidizer concentration at surface [kg1m-3] 
C  oxidizer concentration [kg1m-3] 
C0  initial oxidizer concentration [kg1m-3] 
D  mass diffusivity [m2s-1] 
Da  Damköhler number 
h   heat transfer coefficient [W1m-2K-1] 
hw   cooling coefficient [s-1] 
k   Arrhenius rate [m1s-1] 
k0  pre-exponential factor [m1s-1] 
m  oxidizer mass [kg] 
Nu               Nusselt number 
q  heat of reaction [J1kg-1] 
r  particle radius [m] 
r0  initial particle radius [m] 
Sh  Sherwood number 
Ta  activation temperature [K] 
Tg  gas temperature [K] 
Ts    particle (solid) temperature [K] 
T0  ambient temperature [K] 
 
 

1. INTRODUCTION 
A suspension of reactive solid fuel particles dispersed within hot oxidizing gases may be 
formed, for example, following the detonation or deflagration of a metalized energetic 
material or during an accidental explosion in a coal mine or the process industries [1]. In 
the first example, the reaction time for the energetic material is typically much shorter than 
the characteristic time for heat exchange between the particles and the combustion 
products, hence the particle suspension may be treated as if it were suddenly exposed to a 
hot oxidizing atmosphere.  Measures of the performance of the energetic material, such as 
the work done by the expanding products and blast wave for an explosive, or the specific 
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impulse of a propellant, will depend critically on the subsequent reaction delay and 
combustion time of the solid-fuel suspension.  The overall system performance may be 
tailored by choosing appropriate particle sizes and other system parameters as guided by 
the available experimental data and predictions from theoretical models.  
 
 Historically, most of the information on solid-fuel reactivity has been obtained from 
laboratory experiments using relatively large single particles, with sizes ranging from tens 
to hundreds of microns.  In the experiments, the particles are typically either injected into 
an oxidizing flow produced by a hydrocarbon flame [2], or heated by the gas behind a 
reflected shock within a shock tube [3]. The experimental results are then used to construct 
models that are extended to predict the combustion behavior of much smaller particles and 
of dense particulate suspensions that are common in practical particle-fuel systems. The 
underlying assumption made when extrapolating to practical energetic materials is that the 
combustion physics on which the models are built do not change with particle size or 
concentration. However, the validity of these assumptions is theoretically questionable and 
difficult to justify, especially in light of recent experiments using nano-sized particles [4, 
5] and with large particle concentrations [6-8]. 
 

Experiments in which a small amount of aluminum powder was injected into a shock 
tube and heated by a reflected shock have indicated that the aluminum particle combustion 
regime shifts from being predominantly diffusion controlled to a kinetically-controlled 
reaction regime when the particle size is reduced to a value below about ten microns [9]. 
In contrast with isolated single particles, the reaction of a particle suspension modifies the 
ambient gas environment by reducing the concentration of oxidizer and increasing the 
temperature, which in turn influences the particle combustion rate [10].  The combustion 
regime for a particle suspension with a given initial particle size may change as the particles 
burn out and may also differ from the combustion regime of an isolated particle with the 
same size.  

 
Recent experimental observations of flames in hybrid combustible gas-solid fuel 

mixtures have shown that the combustion physics of the solid suspension depends critically 
on the initial mass concentration of the solid fuel [7]. For the case of aluminum particles, 
the particle combustion regime within a methane-air-aluminum flame changes rapidly 
when the particle concentration reaches a critical threshold value of about 150 g/m3 [7], 
shifting from a relatively slow oxidation regime, characteristic of an isolated single particle 
within the same gaseous environment, to a relatively fast reaction regime associated with 
a flame front. An analogous transition is also observed in suspensions of iron powder in 
methane-air mixtures indicating that the phenomenon is of a general nature and is not fuel 
specific [8].  These results also suggest that the common practice of introducing externally-
defined parameters, such as ignition temperature, ignition delay, and burn time, obtained 
from single-particle experiments into reaction models for metalized energetic compositions 
may be inadequate for cases in which a dense particle suspension is formed.   

 
The goal of the present paper is to use a simple, transparent model to describe the 

characteristics of the combustion of fuel particle suspensions and to illustrate how distinct 
combustion phenomena may arise that do not occur during the combustion of a single 
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particle.  The model does not represent a comprehensive description of the combustion of 
a specific fuel, but rather demonstrates in general terms how the mass concentration of a 
solid fuel can influence the reaction behavior and combustion regime of the particle 
suspension with different particle sizes. To accomplish this, it is assumed that the particles 
undergo a purely heterogeneous reaction with a gaseous oxidizer through one-step surface 
Arrhenius kinetics which avoids the complications introduced by phase transitions, 
multistage kinetics, and the complex thermodynamics typical of “real” systems [11]. 
Through this analysis, it is theoretically shown that the general terms ignition temperature, 
combustion time, and ignition delay, adapted from combustion models for large single 
particles, may be inadequate to describe the complex phenomena associated with the 
combustion of particle suspensions and for small particle sizes.  

 
The present work illustrates the diverse combustion characteristics associated with 

adiabatic, constant-volume combustion of a stationary particle suspension for a particular 
choice of values for the reaction rate and other physical parameters associated with the 
solid and gaseous components. The effect of applying a rate of heat loss is also examined 
to illustrate how the combustion of a suspension might behave in a real system subject to, 
for example, expansion cooling.  However, systematic parametric analysis of possible 
combustion phenomena that may arise in different experimental situations following 
detonation and deflagration events is beyond the scope of the present work. 
 

2. MODEL AND RESULTS 

Kinetic-Diffusion Reaction Rate 

The general treatment of heterogeneous reactions governed by the competition between 
transport and kinetic rates, and the associated thermal regimes and critical nature of regime 
change, is thoroughly investigated in the classical work of Frank-Kamenetskii [12] and 
further analyzed in Vulis [13]. A similar approach is applied here in a simplified form to 
analyze and interpret different reaction regimes for the case of a single particle and a 
particulate suspension.   

As stated above, it is assumed that oxidizer consumption rate by chemical reaction on 
the particle surface is described by a single-step first-order Arrhenius reaction, i.e., 

 

  s

dm
C Ak

dt
  (9) 

 0= exp a

s

E
RTk k   (10)    

           
Here, Cs is the concentration of the oxidizer at the particle surface, A is the particle surface 
area, and k is the kinetic reaction rate, which depends on the activation energy Ea and the 
particle temperature Ts. Following the assumption made by Frank-Kamenetskii of 
quasi-static equilibrium [12], the concentration of the oxidizer at the particle surface Cs is 
found from the balance between the rate of consumption of the oxidizer by the chemical 
reaction in Eq. (9) and the rate of transport of the oxidizer to the particle surface by 
molecular diffusion and convection, i.e.,  
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 (11) 

 
where β is the mass-transfer coefficient between a particle and the gas, per surface area, 
and C0 is the volumetric concentration of the oxidizer in the flow. By introducing the 
expression for Cs from Eq. (11) into Eq. (9), the unified reaction rate, taking into account 
both the kinetic reaction and diffusion “resistances”, may be written as 
 

*
0  Da  

dm
AC

dt
  (12) 

 
where Da*=k/(k+β). The normalized Damköhler parameter Da* is related to the traditional 
Damköhler number, Da=k/β, by the expression Da*=Da/(1+Da). The value of Da* is close 
to unity when the reaction rate is controlled by the diffusion of the oxidizer (i.e., the 
diffusion regime where k >> β) and approaches zero when the rate of particle oxidation is 
determined by Arrhenius surface reaction rate (i.e., the kinetic regime where β >> k).  

For the sake of simplicity, the contribution of the Stefan convective flow [12] to the heat 
and mass transfer between the particle and the gas is neglected. The Stefan flow is 
negligible when the concentration of the oxidizer in the flow is low and/or the volume of 
reacted gas oxidizing on particle surface is closely matched by the volume of the gaseous 
reaction products formed.  In the absence of the Stefan flow, the mass and heat exchange 
coefficients between a particle and the gas take the following simple form: 

 
Sh 
 

2

D

r
   (13) 

Nu 

2
h

r


  (14) 

where the Nusselt (Nu) and Sherwood (Sh) numbers are calculated assuming spherical 
particles which are stationary relative to the gas (Nu=Sh=2). At Lewis numbers close to 
unity, and under the particle lumped-capacitance assumption, the profiles of the 
temperature field and oxidizer concentration around a particle are similar in all oxidation 
regimes, as shown in Figure 1.  
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Figure 1. Temperature and oxidizer concentration profiles adjacent to the particle surface for different 
combustion regimes. 

In the diffusion-limited stationary reaction regime, the concentration of the oxidizer at 
the particle surface is close to zero, and the particle temperature is close to the maximum 
adiabatic flame temperature of the stoichiometric mixture [13]. In the kinetically-limited 
regime, where diffusion is much faster than the rate of chemical reaction, the oxidizer 
concentration at the particle surface is close to the concentration within the bulk flow and 
the temperature difference between the particle and gas does not exceed one characteristic 
temperature interval, 2

0 /
ag ET RT   [13, 14].  

Ignition of a Single Particle 

The transition from the kinetically-limited to the diffusion-limited reaction regime 
occurs as a discontinuous jump at a critical particle temperature and is the classic definition 
of the ignition of a particle. The corresponding critical gas temperature is denoted the 
ignition temperature. The reverse discontinuous transition from diffusion-limited to 
kinetically-limited reaction is called extinction. The Semenov thermal ignition diagram, 
shown in Fig. 2(left) adapted for the kinetic/diffusive particle reaction rate, qualitatively 
illustrates both the critical ignition and extinction points for a single particle and the 
subsequent transition into stable regimes. It is important to note that once ignition occurs 
(i.e., the jump to the diffusion-limited burning regime), the particle will also undergo 
extinction and return to the kinetically-limited burning regime when it reaches a critical 
size due to particle burnout. This is not reflected in the classical particle ignition theory 
which is only formulated to determine ignition temperatures and stationary states and 
ignores the changing particle mass with time [15]. With the inclusion of time-dependent 
particle burnout, for large initial particle sizes, the mass of the extinguished particle is 
negligibly small in comparison to the initial mass. However, for decreasing initial particle 
sizes, extinction occurs more rapidly after ignition, leading to a non-negligible mass of the 
extinguished particle which burns in the kinetically-limited regime.   

 
There is a critical particle size for which the ignition and extinction temperatures 

coincide, illustrated in Fig. 2(right), leading to the existence of a limit where the particle is 
unable to ignite at any gas temperature. The breakdown of the ignition criticality is derived 
from the particle ignition conditions and reflects the dependence of the particle temperature 
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on the gas temperature for the classical stationary model for particle ignition. Below this 
critical size, there is no ignition temperature as the particle temperature is a monotonically 
increasing function of the gas-phase temperature and is not significantly different from the 
gas temperature which is expected in a purely kinetically-limited combustion regime. 

 
The particular set of numerical values for the thermodynamic and transport constants of 

the gas and solid phase used to calculate the curves in Fig. 2(right) are shown in Table 1 
and are also used in the subsequent examples in this paper. The values of the 
thermodynamic parameters are typical for metal fuels, and with the particular values of the 
reaction constants chosen, both the diffusion and kinetic combustion regimes occur with 
micron-sized particles, where the molecular mean free path is still much smaller than the 
particle radius and, therefore, Knudsen diffusion effects can be neglected. 

 
 
 

Table 1. Numerical values of the gas and solid fuel parameters. 
 

Property Value Property Value
λ 0.0238 W1m- T0 300 K
cg 1010.08 J1kg- cs 978.56 J1kg-

D 2.01×10-5 k0 70 m1s-1 
ρg 1.172 kg1m-3 ρs 2700 kg1m-3

Tg0 2100 K γ 1.12 
C0 0.27 kg1m-3 q 3.10×107  
α 2.01×10-5 Ea/R 15000 K 

 

 

Figure 2. (left) Semenov diagram of the single particle ignition and extinction. (right) dependence of the 
particle temperature on gas temperature illustrating disappearance of the critical ignition and extinction 
points below some critical particle size (unstable regimes are marked with dashed lines). The 
temperatures are scaled by the activation temperature Ta = Ea/R. 
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The ignition temperature calculated from the balance between the rates of heat 

production and heat loss and their derivatives is plotted in Fig. 3 as a function of particle 
size. It is evident that the particle ignition temperature increases with decreasing particle 
size, reflecting the fact that the heat loss per unit particle surface area increases 
proportionally to 1/r.  For the set of numerical parameters chosen, the heat loss rate exceeds 
the heat production rate for any particle temperature when the particle size is below a 
critical size of about 1.9 µm, and ignition, or a transition to diffusion-limited combustion, 
becomes impossible. 

 
Figure 3. Dependence of the ignition temperature on particle size.  Note that below a critical value of the 
particle radius of 1.9 µm ignition is impossible. 

If a particle below this limiting size is injected into a hot oxidizing gas it will heat 
slightly above the gas temperature and will undergo oxidation within the kinetic reaction 
regime without igniting. The time history of the temperature and radius of a single particle 
is plotted in Fig. 4 for three different particle sizes corresponding to different combustion 
regimes.  The smallest particle undergoes a stable kinetically-limited oxidation process 
(Fig. 4A).  The largest particle ignites leading to a stable diffusive combustion regime with 
Da* near to unity, which then quenches when the particle size is less than 10% of the initial 
value (Fig. 4C). For an intermediate particle diameter, an intermediate transient regime 
occurs in which the particle ignites, but extinguishes prior to reaching a fully-developed 
diffusive-combustion regime (Fig. 4B). 

The length of the kinetically-limited reaction “tail” depends exponentially on the 
ambient gas temperature and, thus, is usually very long for single particles or for a dilute 
suspension in which the self-heating of the mixture is negligible. In the transient 
combustion regime observed in Fig. 4B, the time for complete oxidation of the particle in 
the kinetic regime is usually much longer than for larger particles. 

It should be noted that the particle size defining the border between the diffusion- and 
kinetically-limited combustion regimes is not only a function of the reaction parameters 
but also depends on the heat exchange coefficient between the particles and gas. As an 
example, the detonation of metalized explosives typically results in much larger gas-
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particle slip velocities, in comparison with metalized propellants that undergo deflagration, 
resulting in a shift of the border between the two regimes towards larger particle sizes [16]. 

Reaction of a Dense Particulate Suspension 

The dynamics of the solid-fuel reaction change completely if the initial concentration of 
the solid fuel is sufficient to significantly influence the gas temperature through the particle 
heating and subsequent heat release by the particle reaction. The effective reaction rate 
derived in the previous section is given in Eq. (7). The algebraically reduced conservation 
of energy equations describing the change of the particle temperature Ts by heat from the 
reaction and convective heat loss to the gas is given in Eq. (8) and its changing radius r due 
to mass consumption is given in Eq. (9). These must be supplemented with equations 
describing the time dependent temperature of the gas Tg heated convectively by the 
particles shown in Eq. (10) and the depletion of the oxidizer mass concentration C due to 
the reaction shown in Eq. (11). 
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Figure 4. Time histories of the temperature (scaled to the activation temperature Ta), radius and 
normalized Damköhler parameter for a single particle with different sizes injected into a hot oxidizing 
gas flow illustrating the different possible reaction regimes: a) a small particle (1 µm radius) that 
oxidizes within the kinetic regime, b) an intermediate sized (7 µm) particle that ignites and quenches, 
and c) a large particle (20 µm) that ignites and burns within the diffusive regime. 
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The governing equations are written with a constant volume approximation and the 
assumption that the pressure increase does not change the reaction kinetics or the heat and 
mass transfer constants. The exclusion of the gas-dynamic effects that are specific to a 
particular experimental situation allows us to focus primarily on the effect of particle mass 
concentration B in the combustion dynamics of the suspension. 

 
The time histories of the particle temperature, radius, concentration and the normalized 

Damköhler parameter are determined by numerically integrating equations 7–11 with the 
assumption that the initially cold particle suspension is suddenly exposed to a hot gas.  The 
results are shown in Fig. 5 for the same three different particle sizes considered for the 
reaction of a single particle in Fig. 4.  For the purposes of this illustration, we assume that 
the fuel suspension is lean with a mass concentration of 200 kg/m3, corresponding to about 
two-thirds of the stoichiometric value and with an initial gas temperature of 2100 K, which 
is characteristic of hydrocarbon flames. 

 
As seen from Fig. 5A for a small particle size, in contrast with a single particle, the 

dense suspension of kinetically-reacting particles undergoes a rapid reaction onset and a 
corresponding sharp temperature increase.  Although this behavior has the appearance of 
an ignition event, the rapid rise of the reaction rate of the small particles within the 
suspension lacks criticality as the value of the Damköhler parameter does not exceed 0.2 
and, thus, the combustion process remains close to the kinetically-limited reaction regime. 
The nature of the sharp reaction onset in this case is analogous to that of a reactive gas 
mixture heated under adiabatic conditions. After a certain delay time during which the 
mixture slowly oxidizes, the reaction proceeds rapidly in an explosion-like manner 
reflecting the self-accelerating nature of Arrhenius kinetics at high activation energies and 
large heats of reaction. The adiabatic reaction delay time in this case can be estimated using 
the same well-known formula for gaseous mixtures if the reaction delay time is 
significantly longer than the particle heating time [14].  
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Figure 5. Reaction of an instantaneously heated suspension of solid fuel particles with a solid fuel 
concentration of 200 g/m3 with three different particles sizes, resulting in combustion regimes that are a) 
kinetically-limited, b) intermediate, and c) diffusively-limited. 

 
 
For large particles, which have the ability to ignite and burn within the diffusion-limited 

regime, there is a complex interplay between the onset of the reaction due to the particle 
cloud effect and the individual particle ignition (Fig. 5C).  The calculations indicate that, 
for any given particle concentration, the cloud effect leading to a reduction in the reaction 
delay diminishes with increasing initial particle size, where eventually the single particle 
combustion will behave in a similar fashion as the suspension. For suspensions of 
intermediate-sized particles, the diffusive-combustion regime is followed by extinction and 
kinetically-controlled combustion of the remaining fuel similar to the case of a single 
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particle (Fig. 5B). However, unlike a single particle, the transition to the kinetically burning 
branch of the suspension does not result in a long kinetic reaction particle burnout “tail” 
but proceeds rapidly due to much higher gas temperatures.  

 
An important parameter for practical particle combustion applications is the sum of the 

delay and reaction times which indicates how rapidly the solid fuel energy is released for 
a particular energetic system. This is denoted for sake of brevity as the “combustion time”.  
The combustion time calculation is limited to the point when 90% of the particle mass is 
consumed in order to exclude the disproportional contribution of the long, kinetic-reaction 
“tail” during which a relatively small amount of fuel is consumed after particle extinction. 
The dependence of the combustion time on particle size is plotted in Fig. 6 for different 
solid fuel concentrations.  

 
From Fig. 6, the overall combustion time of a single particle initially rises with particle 

radius, but then sharply drops after the initial particle size crosses a critical threshold at 
which point the particle does not extinguish and instead burns primarily in a diffusion-
limited regime. After this drop, the combustion time slowly increases for increasing 
particle sizes although this is not readily apparent on the semi-log vertical scale on Fig. 6. 
The fraction of the particle mass that burns in the fast diffusive regime increases with 
particle size within this size range, compensating for both the increased heating and 
reaction times. With an increase in fuel concentration within the suspension (and therefore 
gas temperature), the advantage of the diffusion-combustion regime diminishes and, for 
high particle concentrations, the overall combustion time increases monotonically with 
particle size.  

 
The same interplay between kinetically- and diffusively-limited combustion regimes at 

different fuel concentrations explains why the combustion time dependence with respect 
to concentration intersects for two different particle sizes, as shown in Fig. 7.  At low fuel 
concentrations and, thus, lower gas temperatures, the large particles have an advantage.  
They can ignite and burn faster in the diffusion regime than kinetically-reacting particles 
at lower temperatures. At high fuel concentrations and, thus, high gas temperatures, the 
advantage of the diffusive combustion disappears and small particles react more rapidly 
due to their higher specific surface area. 
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Figure 6. Dependence of combustion time on particle size at different solid fuel concentrations. 
 
 

 
Figure 7. Dependence of combustion time on concentration of the solid fuel for particle sizes of 4 and 10 µm. 

 
Figure 7 also exhibits an initial sharp drop in the overall combustion time with an 

increase in the fuel concentration for both particle sizes. The combustion time for a 
suspension of 4 µm particles reacting primarily in the kinetic mode decreases by about an 
order of magnitude in contrast with a single particle. The exponential dependence of the 
reaction delay time on the gas temperature, which is proportional to the fuel concentration, 
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is a clear demonstration of the “cloud” or “collective” effect on the combustion process. 
The drop in combustion time will be even stronger if the increase of the heat and mass 
transfer coefficients with temperature and pressure are taken into account. Accounting for 
the “cloud effect” may explain the extremely low combustion times observed 
experimentally for aluminum particles burning within the products of metalized explosives 
that are difficult to reconcile with the much longer times derived from experiments with 
single particles [17]. The recently proposed hypothesis [18, 19] that the short reaction times 
are due to the cracking of the protective alumina shell by a shock wave resulting in faster 
oxidation kinetics cannot explain why combustion times of the same order are observed 
during the detonation of aluminum suspensions in air where the shock pressure is lower by 
almost three orders of magnitude [20]. In addition, it is well known that protective oxide 
films can swiftly re-establish on the metal surface if the conditions are not optimum for the 
particle ignition [21].  

Reaction of a Suspension in a Cooling Gas 

In a real experimental situation, the system is non-adiabatic and the temperature of the gas 
decreases with time due to heat loss or may fall sharply due to the expansion of the gas 
products as in the case of a detonation event. Modeling the complex flow dynamics of 
explosive formulations is outside the scope of this paper but, in the context of the present 
model, the general considerations of what may occur during the combustion of a 
suspension in such a system can be examined through the addition of a simple convective 
cooling rate of the gas phase as shown in equation (12) which is a modified form of 
equation (10), i.e., 
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     (20) 

Here, the hw is an arbitrary heat transfer coefficient, and T0 is the ambient temperature. 
The addition of the cooling rate in this simple form is not connected to any particular 
experimental situation, but serves to qualitatively demonstrate the type of analysis that can 
be performed to find optimum particle sizes for a given particle loading. The introduction 
of the cooling rate affects the ability of the particles to react to completion before the gas 
temperature drops below the point at which the reaction rate is negligible.  The cooling of 
the gas may also lead to a longer reaction onset time in which case the particles will never 
react within the given time frame. Among several parameters, including the initial gas 
temperature and reaction constants, the major factors affecting the reaction completeness 
within a given time are the particle size and mass concentration of the fuel within the 
suspension. Although the particle size has long been recognized as a critical parameter, the 
fuel concentration within the suspension is typically neglected. To analyze this situation, a 
criterion is set such that if burnout of 90% of the particle mass does not occur within the 
assigned time frame, then it is considered to be unburned. The resulting combinations of 
particle size and concentration for which particle burnout occurs (shaded regions) are 
plotted in coordinates of particle size vs. mass concentration in Fig. 7 for three different 
cooling rates. Particle sizes below 1 µm were not considered in the calculation. 
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Figure 8. The transformation of the range of particle sizes and concentrations (shaded area) where 90% of 
the solid fuel mass  is burned within 500 ms with a 20% and 40% increase of the cooling rate. 

 

 

This is by no means a comprehensive analysis of the model as the set reaction time 
window and cooling rates are arbitrary, but it does show that the outcomes are not 
necessarily intuitive. The resulting particle size/concentration combinations for both the 
lowest and intermediate cooling rates indicate that at lower concentrations, it is actually 
more beneficial to use larger particle sizes since the smaller, more kinetically-limited 
particles do not burn to completion. In the intermediate case, at low concentrations, there 
is an isolated “island” of large particle sizes that burnout. This island continually shrinks 
with increasing cooling rate until, for a certain range of concentrations, there will only be 
a very small range of optimum particle sizes. In the case of the highest cooling rate, it is 
seen that only relatively small particle sizes have the ability to react to completion. 
 

3. CONCLUSIONS 
The primary conclusion of the present work is that the onset of the chemical reaction in a 
rapidly heated particulate suspension may occur by two different physical mechanisms. 
The first mechanism, realized in a dilute suspension of particles, is defined by the ignition 
of a single particle, i.e., by the critical phenomenon associated with the rapid transition 
from a kinetically- to diffusively-limited reaction regime. The second mechanism 
dominates the reaction onset in a dense particulate suspension and occurs in a similar 
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manner to the reaction onset in a rapidly-heated homogeneous gas mixture, where the 
highly-activated reaction occurs in an explosion-like manner after some delay and self-
heating. Unlike the ignition phenomenon, the second mechanism lacks criticality and is not 
limited to particles above a certain size.  The interplay between these two reaction onset 
mechanisms leads to a nontrivial dependence of the total reaction time on the particle size 
and fuel concentration within the suspension. 
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Chapter 3. Thermal Structure of Flames in Non-Volatile Fuel 
Suspensions 
 

1. INTRODUCTION 
Understanding the mechanisms controlling flame propagation in suspensions of non-
volatile fuels is crucial to obtaining efficient combustion of metallized propellants [1], 
slurry fuels [2], pulverized coal [3], and powdered metals as carbon-free chemical energy 
carriers [4]. It is also necessary for the mitigation of catastrophic explosions in coal mines 
or in process industries that involve handling metallic dusts and other combustible solid 
powders [5]. 
 

Like gas flames, flames in particulate suspensions at the laboratory scale are 
primarily driven by molecular heat diffusion and have comparable burning velocities 
[4].Nevertheless, they exhibit several significant differences in their structure and behavior 
from homogeneous flames due to their multiphase nature. 

 
The main distinctive feature of a flame in a solid suspension is the ability of 

particles to ignite, that is, to transition from a combustion regime limited by reaction 
kinetics to a regime limited by diffusion of the oxidizing gas towards the particle surface, 
or in the case of evaporating particles, towards the micro-flame enveloping each individual 
particle. 

 
After ignition, the temperature of the particle or micro-flame can exceed the gas 

temperature by several hundred degrees, often surpassing the adiabatic flame temperature 
for fuel-lean mixtures. The particle combustion rate in the diffusion combustion regime is 
a weak, non-Arrhenius, function of gas temperature. Unlike gas flames, the width of the 
flame reaction zone in the particle suspension can span a large temperature change and can 
be comparable to, or even exceed, the width of the preheat zone [6].  The existence of 
diffusion micro-flames within a global flame front (in effect, flames within the flame), 
which are insensitive to the bulk gas temperature, makes dust flames resistant to heat loss  
[7]–[9] and also serves to maintain a constant burning velocity with increasing fuel 
concentration in fuel-rich mixtures [10]. The ability of particles to ignite, in conjunction 
with low ignition temperatures, may result in much wider flame propagation limits in 
particle suspensions than for gaseous fuels [10].  

 
Despite the overall qualitative understanding of the crucial role of the particle 

combustion regime on dust flame speed and thermal structure, the theoretical description 
of flames in particulate suspensions has been limited to simple semi-empirical models that 
postulate either purely diffusion or purely kinetic modes of particle combustion [10], [11]. 
The diffusive combustion models presume that particles within the suspension ignite and 
transit to the diffusion regime instantaneously when they reach the ignition temperature of 
a single, isolated particle. The common assumption is that, after ignition, the particle within 
the suspension will have a combustion time equal to that of an isolated single particle. 
Using this approach, particle ignition temperature and combustion time are considered to 
be external parameters that are independent of the flame-propagation mechanism. As such, 
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they often are taken from experiments with individual particles or calculated using 
theoretical models for single particle combustion. These assumptions are useful for 
estimation, but are, in general, not justified and may lead to erroneous predictions. In 
reality, the particle ignition temperature in the flame, particle reaction time, and the actual 
regime of particle combustion are all characteristic values of the flame propagation 
problem directly linked to the burning velocity eigenvalue. Moreover, the particle 
combustion regime may alternate throughout the flame. For example, the particle may start 
to react in a kinetically limited regime, then transit to a combustion mode partially limited 
by diffusion, before returning to a predominantly kinetically limited combustion mode [7]. 
As a result, a non-negligible fraction of the particle mass may be consumed during both 
diffusive and kinetic combustion, leading to a complex dependence of the flame speed on 
particle size and concentration, as demonstrated in this study. 

 
In this paper, the thermal structure of a flame in a particulate suspension is 

investigated using a simplified, transparent model that assumes that non-volatile solid fuel 
particles react via a single-step Arrhenius surface reaction with gaseous oxidizer delivered 
to the particle surface by diffusion. Besides incorporating heterogeneous reaction kinetics, 
the model does not impose a priori the particle combustion mode or any other external 
combustion parameters. The flame propagation problem is solved numerically in a non-
stationary formulation initially proposed by Spalding [12]. This approach avoids the 
difficulties inherent with a steady-state formulation and permits the investigation of flame 
stability, which has led to the discovery of a new type of oscillating flame in a 
heterogeneous mixture.  
 

2. MODEL FORMULATION 
Combined Kinetic-Diffusive Reaction Rate 

Following the quasi-stationary approach of Frank-Kamenetskii [8], the overall 
reaction rate per unit surface area of a particle in an oxidizing gas, accounting for both 
kinetic and diffusion “resistances” can be written as 

0C
 
 




                                                         (21) 

where   is the particle mass consumption rate per unit surface area,   is the 

stoichiometric coefficient, and 0C  is the concentration of oxidizer in the bulk gas far from 

the particle surface [ ].  The kinetic term, , is the overall Arrhenius surface reaction rate, 

0 exp( / )a sk E RT   , where 0k  is the pre-exponential factor, aE  is the activation energy,  

and R  is the universal gas constant. The term   is the mass transfer coefficient between 
a particle and the gas. 

For simplicity, the contribution of Stefan flow to the heat and mass transfer between 
the particle and the surrounding gas is assumed to be negligible. Stefan flow is small when 
the molecular weight of the reaction products is close to that of the consumed oxidizer or 
when the initial oxidizer concentration is relatively low [8]. In the absence of Stefan flow, 
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the mass transfer coefficient takes the simple form, Sh 2ID r  . Here DI denotes the 

oxidizer diffusivity at the particle-gas interface, and r, the particle radius. For a spherical 
particle that is stationary relative to the gas, the exact solution to the steady-state diffusion 
equation yields a Sherwood number (Sh) equal to 2. 

The reaction rate in Eq. (1) can then be written in terms of the normalized 
Damköhler number *Da ,  which is related to the traditional Damköhler number, 

D a /   by 
*Da Da (1 Da)    [13]. The resulting expression for the heat release rate 

per unit of particle surface area is: 

*
0DarQ q q C                                                    (22) 

where q is the heat of reaction. 

This formulation naturally incorporates the two limiting kinetic and diffusive 
regimes. In a kinetically controlled regime (   ), *Da  approaches zero ( *Da 0  ). In 
the diffusion limit (  ), the reaction rate is primarily governed by diffusive transport 
of oxidizer and Da* approaches unity ( *Da 1 ). 

Ignition and Combustion of a Single Particle  

The reaction of a suspension of particles within the flame is fundamentally different from 
the reaction of an isolated single particle [13]. However, mapping the reaction regimes for 
a single particle is crucial to understanding this difference and interpreting the flame 
structure in a suspension. The interplay between kinetic and diffusion reaction rates of 
heterogeneous chemical reactions leading to the processes of ignition and extinction was 
first investigated by Frank-Kamenetskii [8] and then analyzed further by Vulis [9]. Their 
analyses are adapted here in a simplified form to interpret the reaction behavior of a single 
particle injected into a hot oxidizing gas. 

The modified Semenov diagram shown in Fig. 1 plots the reaction heat release rate 
that accounts for both kinetic and diffusive rates as a function of the particle temperature, 

sT . At low temperatures, the reaction rate increases exponentially with sT   due to 

Arrhenius kinetics. At high temperatures, Da* approaches unity and the reaction rate in Eq. 
(2) becomes practically independent of temperature. If the heat loss from radiation is 
negligible, as is the case for moderate temperatures and small particles, then the heat loss 
rate is proportional to the temperature difference between the particle and gas and is plotted 

in Fig. 1 as straight lines: ( )l s gQ h T T  . Here h  is the heat transfer coefficient

N u 2Ih r , where I is the thermal conductivity of the gas at the gas-solid interface. 

The Nusselt number (Nu) is equal to 2 for a spherical particle that is stationary relative to 
the gas.  

At some critical gas temperature, known as the ignition temperature, the heat loss 
and the heat release curves become tangent (point I on Fig. 1). The particle starts to 
accumulate heat and promptly transitions from a predominantly kinetic combustion regime 
to a predominantly diffusive regime with temperatures close to the adiabatic temperature 
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of the stoichiometric mixture (point D on the Semenov diagram). Once ignited, the burning 
particle inevitably extinguishes when its radius reduces to the point ( 1r  ) where the heat 

loss and heat release curves become tangent again, albeit at a higher particle temperature 
(point E). After extinction, the particle will transit to a kinetic burning regime (point K). 
For large particles, the extinction radius is small in comparison to the initial particle size 
and thus the residual particle mass at extinction is negligible since mr3. For smaller 
particles, the mass of the extinguished particle may not be negligible relative to the initial 
particle mass. If the initial particle size is reduced even further, the slope of the heat loss 
curve becomes so steep that tangency of the heat release and heat loss curves becomes 
impossible. Below this critical radius, the particle cannot ignite at any gas temperature (see 
inset in Fig. 1) [ ].  

 

 

Figure 37.  Modified Semenov diagram illustrating particle ignition (I) at some critical 
temperature and transition to near the diffusion limit (D). Extinction (E) occurs as the particle 
shrinks and undergoes the reverse transition to the kinetic limit (K). Stable states are shown by 
(●) while unstable states are denoted by (○).  Inset: ignition temperature as a function of particle 
size showing critical radius below which ignition is impossible. 

The particle temperature history for three different initial sizes injected into a hot 
oxidizing gas is illustrated in Fig. 2. The first case corresponds to a large particle that 
undergoes heating, then ignites and reacts to completion almost entirely in the diffusive 
regime. The second case corresponds to an intermediate-sized particle that ignites but 
extinguishes soon afterwards without achieving full-fledged diffusive combustion. After 
extinction, the particle continues to react in the kinetic regime at a temperature close to the 

gas temperature. The third case ( 0 critr r ) illustrates reaction of a particle with a size below 

the critical value. Here, the particle reacts entirely in the kinetic regime without ignition.  
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Figure 38.  Particle temperature sT   and radius history of a particle injected into a hot oxidizing 

gas at temperature gT  burning in a predominantly diffusive combustion regime (r0 ≫ rcrit), an 

intermediate regime ( 0 ~ critr r ), and a kinetic combustion regime ( 0 critr r ). 

 

 This analysis shows that the particle reaction regime is a strong function of the 
particle radius as well as the surrounding temperature and oxidizer concentration. In a 
flame, a reacting particle with constantly changing radius is exposed to rising temperature 
and falling oxidizer concentration fields that are functions of the flame speed. Therefore, 
a priori postulation of the particle reaction regime and "ignition temperature” and 
"combustion time" parameters is, generally, unjustified in flame modelling. Only by 
solving the flame propagation problem as a whole can the particle combustion regime, 
along with other fundamental flame parameters, be determined.  

 

Governing equations and numerical method 

 The flame propagation problem is cast in a time-dependent formulation, based on the 
method developed by Spalding [12], and solved numerically. This method has been used 
to analyze gas phase flames [14], [15]. Smoot et al also used this method to model flames 
in coal dust-air mixtures [16], but no attempt was made to draw general conclusions beyond 
the specifics of coal combustion.  

The model presented here employs several simplifying assumptions: (i) the solid fuel 
is treated as a continuum with zero diffusivity, (ii) the velocity slip between particles and 
gas is negligible, (iii) the molecular weight and the heat capacity of the products are 
assumed to be close to those of the oxidizer, and (iv) the solid particles do not undergo any 
phase transitions [17]. All of these are second-order effects. 
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The governing equations for the flame can be simplified by introducing a density-weighted 
coordinate x  which is related to the physical coordinate 'x  by the following relation [12], 

[18]: 
'

0

0

'
x

g gx dx    . 

In this coordinate system, the continuity equation is automatically satisfied, and 
advection effects induced by thermal expansion of the gas are absent. Once found, the 
solution in x-space can be transformed back to x’-space as described by Margolis [14]. 

 For simplicity, the temperature dependence of transport and kinetic properties are 
chosen to eliminate the dependence of various parameter groupings on thermal expansion. 
With these assumptions, the governing equations can be algebraically reduced to the 
following expressions for the gas phase temperature in Eq. (3), particle temperature sT  in 

Eq. (4), particle mass sm  in Eq. (5) and normalized oxidizer mass fraction ,0ox oxY Y Y  in 

Eq. (6). The combined kinetic-diffusion reaction rate   corresponds to Eq. (1), and is 
given by Eq. (7). 
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0Da C Y    (27) 

  Here A is the instantaneous surface area, sc  and gc  are the solid and gas phase 

specific heats, 0D  and 0  are the bulk mass diffusivity and thermal conductivity, 0g  is 

the initial gas density, and 0N  is the initial particle number density. The evolution of the 

flame is observed in an effectively semi-infinite domain with an adiabatic and impermeable 
hot boundary. The numerical values for the thermodynamic, transport and reaction 
properties used are given in Table 1. These correspond to a typical metal fuel.  

The equations are numerically integrated in MATLAB by the method of lines [19] 
using a second-order finite difference formulation and a multi-step, variable order, implicit 
time integration method [20].  

 

 

 

 



172 
 

 

Table 3. Numerical values of the gas and solid-fuel parameters. 

    
λ 0.02 W1m-1K-1 T0 300 K 
cg 1010 J1kg-1K-1 cs 979 J1kg-1K-1 
D 2.0×10-5 m2s-1 k0 70 m1s-1 
ρg0 1.17 kg1m-3 ρs 2700 kg1m-3 
γ 1.12 q 3.10×107  J1kg-1 
C0 0.27 kg1m-3 Ea/R 15 000 K 
α 2.0×10-5 m2s-1 λI 0.02 W1m-1K-1 
DI 2.0×10-5 m2s-1   
 

 

3. RESULTS AND DISCUSSION 
Flame Thermal Structure 

After an initial transient period, a steady-state flame, propagating at a constant speed, 
typically develops. As discussed below, for some values of   and 0r , no steady-state 

solution is observed.  The resulting steady-state flame profiles of gas and particle 
temperatures, oxidizer mass fraction and particle radius are shown for the fuel-lean case 
(fuel equivalence ratio 0.5  ) in Fig. 3 for three different initial particle sizes 

corresponding to overall kinetic ( 0 1μmr  ), diffusive ( 0 10 μmr  ) and intermediate (

0 4 μmr  ) particle combustion regimes.  

 

 

Figure 39.  Flame structure profiles. Top: of gas and particle temperature gT , sT   (normalized 

with /a aT E R  ); Middle: normalized oxidizer mass fraction Y , and particle radius r ; 

Bottom: reaction heat release rate q   and Da*, for three different particle sizes in a fuel-lean 

flame ( 0.5  ) . The arrow indicates direction of propagation. 
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For small particle sizes, the flame structure is similar to that of a homogeneous gaseous 
flame. The gas and particle temperatures remain close to each other throughout the flame 
and the reaction zone is thin, with its location near the point where the temperature 
reaches the adiabatic flame temperature of the mixture.  

In contrast, the flame structure for large particles is significantly different. After ignition, 
the particles attain a temperature close to the adiabatic flame temperature of the 
stoichiometric mixture, which greatly exceeds that of the fuel-lean mixture. In addition, 
the reaction zone is wide, encompassing a large gas temperature range. There is also a 
slight lag of the particle temperature profile behind the gas temperature in the flame 
preheat zone.  

In the case of intermediate particle sizes, particles ignite, but then extinguish before 
achieving a full-fledged diffusive combustion regime. Thus, the particle temperature 
surpasses the adiabatic flame temperature of the mixture, but does not reach that of the 
stoichiometric mixture. In contrast to the reaction of a single particle of the same size, the 
kinetic reaction time after the transition back to the kinetic combustion mode, or 
extinction, is relatively short due to the high flame temperatures and, thus, does not 
significantly increase the overall combustion time. 

Flames in fuel-rich suspensions, as shown in Fig. 4, have a different structure to that of 
fuel-lean mixtures, since the limiting reactant changes from the solid fuel, which has a 
negligible mass diffusivity, to the oxidizing gas, which readily diffuses across the flame. 
The primary difference is that the temperature of the particles after ignition does not 
exceed the adiabatic flame temperature of the mixture. The reason for this is that the 
temperature separation between particles and gas in the diffusive combustion regime is 
proportional to the concentration of the oxidizer in a particular location, which falls to 
zero as the temperature rises. Due to complete oxidizer consumption at the end of the 
combustion zone and, therefore, a negligibly small reaction rate, the value of Da* 
remains constant after the oxidizer is depleted.  

 

 

Figure 40. Flame structure profiles for three different particle sizes in a fuel-rich mixture (
1.5  ). The same variables are shown as in Fig. 3. 
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Burning Velocity 

The burning velocity is calculated based on the displacement of the flame front as a 
function of time. The burning velocity is plotted in Fig. 5 as a function of initial particle 
size for different equivalence ratios. The general trend for stoichiometric and rich 
equivalence ratios, as well as flames that are not exceedingly fuel-lean, is that the burning 
velocity increases monotonically with decreasing particle size. This is simply due to the 
increasing specific reaction surface area with decreasing particle size. However, the 
dependence of burning velocity on particle size becomes non-monotonic for very lean 
mixtures. For equivalence ratios below 0.4  , there is also a region where the burning 
velocity curves split into two separate branches between which no steady solution exists.  

 

Figure 41. Burning velocity bu  as a function of particle size for different equivalence ratios. Hatched area 

corresponds to regions where unstable flame propagation is observed. 

 

The nontrivial dependence of the burning velocity on particle size in lean mixtures 
is the result of the intricate interplay between the kinetic and diffusive particle combustion 
modes.  Because of the relatively low flame temperatures in lean mixtures, the combustion 
time of a larger particle reacting diffusively can be shorter than that of a smaller particle 
reacting kinetically. This behavior is counter-intuitive, but is a direct consequence of the 
ability of large particles to ignite and burn with temperatures much higher than the 
adiabatic flame temperature of the lean mixture. The appearance of “hot spots” or “flames 
within the flame” results in a higher reaction rate for suspensions of larger particles that 
offsets, and potentially even overcomes, the reduced specific reaction surface area as 
compared to finer suspensions. This behavior can be seen first as a plateau in the 
dependence of burning velocity on particle radius (Fig. 5, 0.4  ) and then a decline as 
particle size decreases (Fig 5. 0.4   ).  It can also be seen in Fig. 6 as intersections of the 
burning velocity versus equivalence ratio curves for different particle sizes. As the particle 
size is increased, eventually the effect of decreasing specific reaction surface area again 
dominates, and the burning velocity decreases with increasing particle size. These trends 
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have been observed experimentally in the combustion of coal suspensions [16] and liquid 
sprays [21], although no clear physical explanation was given at that time.  

 

Figure 42. Burning velocity as a function of equivalence ratio for different particle sizes. The expanded view 
shows the intersections of burning velocities for lean equivalence ratios for various particle sizes. 

 

Kinetic-Diffusive Instabilities 

For equivalence ratios below 0.4  , there is a region where no steady-state flame 
propagation occurs. Instead, these flames oscillate both in terms of burning velocity and 
flame structure. An example of instantaneous particle and gas temperature profiles at 
different phases of the cycle are shown in Figure 7 for an equivalence ratio of 0.325   

and initial particle size of 0 4.0 μmr  .  

 

Figure 43. Instantenous profiles of gas and particle temperatures and Da* at different phases of 

an oscillating flame at 0.325   and 0 4 mr  . 

 

The gas temperature is observed to oscillate about the adiabatic flame temperature, 
while the particle temperature oscillates with a much wider amplitude than that of the gas. 
At first glance, these oscillations resemble the well-known thermo-diffusive flame 
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instability often observed in homogeneous gas [22] and quasi-homogeneous solid mixtures 
[23], and also recently observed in aluminum dust flames [24]. The physical mechanisms 
behind the thermo-diffusive instability and the heterogeneous pulsating flame shown here 
are, however, fundamentally different. Unlike in homogeneous mixtures, the pulsations 
observed here are not caused by changes in the gas molecular transport properties (i.e., Le 
number) or overall heat production as required by the thermo-diffusive instability criteria 
formulated by [25], [26]. The fuel has zero diffusivity, and the gas-phase transport and 
kinetic parameters in the flame do not change with particle size. Instead, the cause of the 
observed instability is evidently rooted in the processes of particle ignition and extinction 
that are, indeed, very sensitive to particle size. Thus, it may be called a kinetic-diffusive 
instability, reflecting the fact that the particle combustion regime in the pulsating flame 
oscillates between diffusive and kinetic combustion modes. This interesting new 
phenomenon will be studied in detail in subsequent work. 

Comparison to Semi-Empirical Flame Models 

Most existing models for flames in suspensions are semi-empirical and postulate either a 
purely kinetic or purely diffusive regime of particle combustion. Plots of the normalized 
burning velocity versus particle size predicted by such models are compared with the result 
of the current numerical computations in Fig. 8 for the lean mixture with an equivalence 
ratio of 0.3. For the case of the purely kinetic regime, the burning velocity is calculated 
using an analytical expression formulated by Zel’dovich and Frank-Kamenetskii modified 
for a combustible mixture with a single-step first order heterogeneous surface reaction [11]. 
The result is normalized to match the numerical simulations for small particles. 

The burning velocity in the case of the purely diffusive regime is calculated using 
a simple expression given in [6], [10] that requires two externally defined combustion 
parameters: ignition temperature and combustion time of the single particle. Ignition 
temperatures at different particle sizes are calculated using the Semenov ignition criterion 
as shown in Fig. 1 and have a dependence with particle size similar to that shown inset in 
Fig. 1. The particle combustion time is calculated using a simple diffusive reaction model 
that predicts a tcr0

2 dependence [27]. The result of the purely diffusive model is 
normalized to match the numerical simulations for large particles.   

 

 

Figure 44. Comparison of computed burning velocity to semi-empirical asymptotic Zel’dovich 
and Frank-Kamenetskii (kinetic) and modified Mallard-Le Chatelier (diffusive) flame models. 
The semi-empirical models are normalized to the numerical model at 0 1 mr    for the kinetic 

model and 0 25 μmr   size for the diffusive model. 
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As can be seen in Fig. 8, these semi-empirical models only qualitatively predict the 
asymptotic behavior of burning velocity on particle size where the combustion regimes 
are either purely kinetic or diffusive. Over a wide particle size range, where diffusion and 
kinetic rates are comparable, these models cannot capture the physics of the flame 
propagation and yield erroneous results. 

 

4. CONCLUSIONS 
The comprehensive analysis of flame propagation in non-volatile particle suspensions 
presented in this paper has a historical parallel. It can be compared with the replacement 
of the semi-empirical Mallard-Le Chatelier flame model, based on the notion of ignition 
temperature and reaction time as external parameters, to flame models developed in the 
20th century based on the Arrhenius reaction law. Here, it is similarly shown that the 
particle reaction onset temperature, particle reaction time, and regime of particle 
combustion are, in general, characteristic values of the flame problem that must be solved 
for together with the burning velocity. Moreover, this analysis demonstrates that the 
thermal structure of flames in suspensions is defined primarily by the interplay between 
kinetic and diffusive reaction modes that also yields non-trivial dependence of the 
burning velocity on particle size. This interplay leads to the emergence of a new type of 
pulsating instability that is related to the process of ignition and extinction of particles 
within the flame. 

 

5. REFERENCES 
[1] E. Price, “Combustion of Metalized Propellants,” in Fundamentals of Solid 

Propellant Combustion, 1984, pp. 479–514. 

[2] P. R. Choudhury, “Slurry fuels,” Prog. Energy Combust. Sci., vol. 18, pp. 409–
427, 1992. 

[3] D. Pratt and L. Smoot, Pulverized-coal Combustion and Gasification. 1979. 

[4] J. M. Bergthorson, S. Goroshin, M. J. Soo, P. Julien, J. Palecka, D. L. Frost, and 
D. J. Jarvis, “Direct combustion of recyclable metal fuels for zero-carbon heat and 
power,” Appl. Energy, vol. 160, pp. 368–382, Dec. 2015. 

[5] R. Eckhoff, Dust Explosions in the Process Industries: Identification, Assessment 
and Control of Dust Hazards. Gulf Professional Publishing, 2003. 

[6] S. Goroshin, M. Bidabadi, and J. H. S. Lee, “Quenching distance of laminar flame 
in aluminum dust clouds,” Combust. Flame, vol. 105, no. 1–2, pp. 147–160, 1996. 

[7] F.-D. Tang, S. Goroshin, and A. J. Higgins, “Modes of particle combustion in iron 
dust flames,” Proc. Combust. Inst., vol. 33, no. 2, pp. 1975–1982, 2011. 

[8] D. A. Frank-Kamenetskii, Diffusion and Heat Transfer in Chemical Kinetics. New 
York: Plenum Press, 1969. 

[9] L. A. Vulis, G. C. Williams, and M. D. Friedman, Thermal Regimes of 
Combustion. New York: McGraw-Hill, 1961. 



178 
 

[10] S. Goroshin, I. Fomenko, and J. H. S. Lee, “Burning velocities in fuel-rich 
aluminum dust clouds,” Proc. Combust. Inst., vol. 26, no. 2, pp. 1961–1967, 1996. 

[11] Y. Zeldovich and D. Frank-Kamenetskii, “A theory of thermal propagation of 
flame,” Zh. Fiz. Khim, 1938. 

[12] D. B. Spalding, “The Theory of Flame Phenomena with a Chain Reaction,” Philos. 
Trans. R. Soc. A Math. Phys. Eng. Sci., vol. 249, no. 957, pp. 1–25, Mar. 1956. 

[13] M. Soo, S. Goroshin, D. Frost, and J. Bergthorson, “Reaction of a Particle 
Suspension in a Rapidly-Heated Oxidizing Gas,” Propellants, Explos. Pyrotech., 
2015. 

[14] S. B. Margolis, “Time-dependent solution of a premixed laminar flame,” J. 
Comput. Phys., vol. 27, no. 3, pp. 410–427, Jun. 1978. 

[15] Y. B. Zeldovich and G. I. Barenblatt, “Theory of flame propagation,” Combust. 
Flame, vol. 3, pp. 61–74, Jan. 1959. 

[16] L. Douglas Smoot and M. Duane Horton, “Propagation of laminar pulverized coal-
air flames,” Prog. Energy Combust. Sci., vol. 3, no. 4, pp. 235–258, Jan. 1977. 

[17] S. N. G. S. V. S. Y. . Zolotko, “Modes of Combustion and Flame Velocity in Gas 
Suspensions.pdf.” Doklady Akademii Nauk SSSR, Odessa, 1991. 

[18] K. Seshadri, A. L. Berlad, and V. Tangirala, “The structure of premixed particle-
cloud flames,” Combust. Flame, vol. 89, no. 3–4, pp. 333–342, Jun. 1992. 

[19] W. E. Schiesser and G. W. Griffiths, A Compendium of Partial Differential 
Equation Models: Method of Lines Analysis with Matlab. Cambridge University 
Press, 2009. 

[20] L. F. Shampine and M. W. Reichelt, “The MATLAB ODE Suite,” SIAM J. Sci. 
Comput., vol. 18, no. 1, pp. 1–22, Jan. 1997. 

[21] K.-K. Chan and S.-R. Wu, “An experimental and theoretical investigation of the 
transition phenomenon in fuel spray deflagration,” Fuel, vol. 68, no. 2, pp. 139–
144, Feb. 1989. 

[22] E. W. Christiansen, C. J. Sung, and C. K. Law, “Pulsating instability in near-limit 
propagation of rich hydrogen/air flames,” Symp. Combust., vol. 27, no. 1, pp. 555–
562, Jan. 1998. 

[23] H. Yi and J. Moore, “Self-propagating high-temperature (combustion) synthesis 
(SHS) of powder-compacted materials,” J. Mater. Sci., 1990. 

[24] P. Julien, J. Vickery, S. Goroshin, D. L. Frost, and J. M. Bergthorson, “Freely-
propagating flames in aluminum dust clouds,” Combust. Flame, p. (accepted), 
2015. 

[25] B. J. Matkowsky and G. I. Sivashinsky, “Propagation of a Pulsating Reaction 
Front in Solid Fuel Combustion,” SIAM J. Appl. Math., vol. 35, no. 3, pp. 465–
478, Nov. 1978. 



179 
 

[26] B. J. Matkowsky and D. O. Olagunju, “Propagation of a Pulsating Flame Front in a 
Gaseous Combustible Mixture,” SIAM J. Appl. Math., vol. 39, no. 2, pp. 290–300, 
Oct. 1980. 

[27] F.-D. Tang, S. Goroshin, A. Higgins, and J. H. S. Lee, “Flame propagation and 
quenching in iron dust clouds,” Proc. Combust. Inst., vol. 32, no. 2, pp. 1905–
1912, 2009. 

 

 



180 
 

SECTION 5. EXPLOSIVE DISPERSAL OF 
POWDERS 
 

Chapter 1. Blast mitigation by granular materials and liquids in 
spherical geometry 
 

1. INTRODUCTION 
Blast waves generated by high explosives are serious hazards for human health as well as 
for structures, hence the mitigation of blast waves is an important concern. One technique 
for reducing the strength of a free-field air blast is to surround a high explosive charge with 
liquid, granular material, and/or porous cellular material. A variety of blast energy 
dissipation mechanisms have been proposed, and the relative importance of the different 
mechanisms for blast wave mitigation depends on the particular media used. 

The effects of blast attenuation by a surrounding liquid layer or multiphase liquid system 
has been previously investigated. Numerical predictions of blast mitigation with water 
surrounding a spherical charge indicate that a reduction in peak overpressure by up to 80% 
is possible [7]. Experimental studies using water and glycerine in a bulk form have 
confirmed the possibility of such a reduction [1, 27], with similar mitigation observed for 
the two liquids. The blast wave attenuation implies an energy loss to the mitigant layer, 
which has been attributed to the acceleration of the liquid and subsequent fragmentation of 
the liquid into fine droplets as well as thermal effects related to liquid vaporization [7, 27]. 
Several studies have investigated mitigation with two-phase media such as bubbly liquids 
[6, 13] or a liquid droplet mist [27, 28]. Within such compressible two-phase media, the 
propagation of waves is considerably modified due to impedance mismatching between the 
phases and collapse of pores. Recent studies have investigated the mitigation properties of 
aqueous foams within a confined area [9, 16, 18, 26]. A reduction of the peak overpressure 
by an order of magnitude, relative to that of a bare high explosive charge, was observed 
[9]. The attenuation is attributed to the momentum loss in the complex 3D multiphase 
structure of these media and is related to the number of gas cells found within the foams 
[18]. The high heat capacity of the liquid phase and the compressibility of the gas bubbles 
also play a significant role in the mitigation process [4].  

The mitigation performance of granular materials has likewise been investigated. Sand has 
been proposed as a potential candidate and a peak overpressure attenuation of 5–40% has 
been demonstrated [18, 25]. A mixture of sand and cement has also shown the capacity to 
significantly mitigate the effects of blast waves [14]. Glass, steel, and ceramic [3], 
porcelain, plastic, claydite, and polyethylene spheres [21], and also perlite and pumice [19] 
have been studied. However, it is not clear, a priori, which properties of the granular media 
are most important for mitigation performance. Material density has been cited as a 
relevant parameter, suggesting that the transfer of momentum is an important source of 
energy dissipation [1]. Porosity of the granular medium is also significant, and the energy 
loss during the mitigation process has been attributed to the complex interaction of the blast 
wave with the compacting, impedance-mismatched medium [1, 10]. Particle size and the 
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length of the granular layer [3] have been cited as potential mitigation parameters and the 
collapse of voids, and particle crushing and rearrangement during wave propagation have 
been proposed as another mechanism of blast attenuation [19]. The configuration of the 
granular medium around the high explosive charge, including the addition air gaps, also 
influences mitigation efficiency [3, 7]. Finally, the energy dissipation via acceleration of 
the mitigant bed can also be related to the ratio of the mitigant mass to charge mass 
(denoted M/C), which is correlated with the velocity of the explosively dispersed material 
according to classical Gurney analysis, as discussed in a companion paper [20].  

The present study further examines the blast wave mitigation performance of granular 
material, liquids, and liquid-saturated particle beds surrounding an explosive charge in 
spherical geometry using a comprehensive array of mitigants. The link between the 
particle/liquid motion and the blast wave attenuation was also investigated. A variety of 
different mitigant materials were tested, including powders with a range of particle sizes, 
density, and packed bed porosity. The tests cover a wide range of mitigant to charge mass 
ratios. For select experiments, the blast wave peak overpressure and impulse were obtained 
from several fast-response pressure transducers located at various locations from the 
charge. The decay of the peak blast overpressure in the near field was inferred by extracting 
the blast wave trajectories from high-speed video images. The blast wave trajectory was 
then used to extract a Mach number, which can then be used to estimate a peak pressure 
via the Rankine-Hugoniot relations.  

A general mechanism for the explosive dispersal of a granular mitigant can be described 
in terms of shock compaction and then dynamic fragmentation upon release and expansion 
of the compacted layer. When a high explosive charge surrounded by a layer of inert 
material is detonated, a shock wave propagates into the material, compacting the material 
to a degree which depends on the initial bed porosity, particle compressive strength and 
local strength of the shock wave. When the shock wave reaches the surface of the material 
layer, a blast wave is transmitted into the surroundings and an expansion wave propagates 
back into the compacted material, causing it to expand radially outwards. The tension 
induced within the compacted bed of material causes it break up into fragments that have 
a size on the order of the thickness of the compacted layer when the expansion waves 
reaches the inner surface of the layer [22]. The fragments move radially outwards, shedding 
fine fragments in their wake and leading to the formation of jet-like structures. Explosive 
dispersal of liquids also, in general, leads to the formation of jets, although other 
phenomena, such as cavitation within the liquid layer behind the expansion wave, govern 
jet formation. Due to the different mechanisms governing jet formation, the scaling of the 
number of jets with the mitigant mass to explosive mass ratio differs for liquids, dry 
granular materials and granular materials saturated with liquids [23]. Fig. 1 shows an 
example of the jet formation during the explosive dispersal of solid particles (glass 
particles, on the left), and a liquid layer (vegetable oil, on the right). In both cases, the 
number of jets formed is primarily dependent on the M/C ratio. In the case of liquid jets, 
the maximum travel distance of the jets depends on the initial jet velocity, the liquid 
volatility (i.e., the evaporation rate), and the aerodynamic shedding rate of the liquid, which 
depends on the liquid surface tension. For solid particle jets, the maximum travel distance 
depends on the jet velocity, rate of shedding and areal density of the jet tip. 
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Fig. 1 Example of jet formation during explosive dispersal of solid particles (glass particles, on the right; 
M/C = 17.7) and liquids (vegetable oil, on the right; M/C = 29.5). 

 

2. EXPERIMENTAL APPARATUS 
The charge casings used in the present study consisted of thin-walled (1 mm thick) 
commercial bulb light bulbs with the filaments removed. Either G40 (nominal dia of 12.7 
cm) or G25 (nominal dia of 9.5 cm) bulbs were used. A spherical ball of C4 (28–82 g) was 
placed in the middle of the glass sphere with a plastic tube attached to allow the insertion 
of an electric detonator into the C4 prior to the test. For liquid dispersals, the C4 was placed 
within a hollow polyethylene sphere (mass 12 g) to isolate it from the liquid. The PE sphere 
was cut in half, filled with C4, then reassembled. The sphere was drilled and glued to the 
detonator tube and a cross-piece at the top of bulb was used to center the charge in the bulb. 
In the case of solid particles, bare C4 charges were used. The charge was prepared by filling 
the sphere half full of powder, then placing the C4 ball, with attached tube, in the center of 
the sphere, then filling the remainder of the powder such that the C4 was held in place by 
the powder. The charges were placed on a section of plastic tube attached to the end of a 
wooden rod, with a height of burst of 1.5 m, as shown in Fig. 2.  

 

 

 

Fig. 2 Photographs of charges consisting of spherical glass casings containing either water (left) or iron 
powder (right).  The C4 charge in the center of the sphere is visible in the charge on the left. The tube 
protruding from the C4 charge is used to insert the detonator into the C4. 
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For some trials, the blast overpressure was recorded with piezoelectric pressure transducers 
(PCB 113A24) mounted in lollipop-style gauges (lollipop dia. 30 cm) at various distances 
from the charge, as shown schematically in Fig. 3 and in the photograph in Fig. 4. The 
distance for the farthest transducer was chosen such that the ground-reflected wave arrived 
at the transducer location after the end of the positive phase of the blast wave signature so 
that the positive-phase impulse measurement is not influenced by the reflected wave. 

 

 
 

 Fig. 3 Schematic of charge and test site (top view) 

 

 

 
Fig. 4 Experimental test site 
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The explosive dispersal was recorded with two high-speed cameras: a Photron SA-5 
recording at 10,000 fr/s and a NAC GX-8 recording at 5,000 fr/s. Prior to a test, a 
photograph of a checkboard scale or graded yard stick was taken to establish an absolute 
length scale. A resolution of 1024 x 744 pixels was used, leading to a physical distance 
ranging from 3.1–4.5 mm depending on the distance to the charge and the magnification.  

A variety of mitigant materials were tested. Solid particles included: Chronital S-30 
stainless steel shot (Vulkan), SAE J827 standard S-110 steel shot, pure iron (FE-112, 
Atlantic Equipment Engineers), glass (Potters Ballotini impact glass beads, #10 and #13), 
brass (BR-102, Atlantic Equipment Engineers), aluminum (Valimet H-95), silicon carbide 
(240 grit), sand (commercial toy box sand), granulated sugar, and icing sugar (commercial 
products). The liquids used include water, glycerol, ethanol, and vegetable oil. In a subset 
of tests, a bed of solid particles was fully saturated with water. In total, blast wave 
properties were extracted from 70 trials spanning a range of mitigant-mass to explosive-
mass ratios (M/C) of 3.8 to 168.0. A total of 39 trials were conducted with dry powders, 19 
trials were conducted with neat liquids, and 12 trials were conducted with water-saturated 
particles.  

Video analysis procedure 

Two different methods are used to extract the position of the spherical blast wave as a 
function of time and involve the use of several image processing techniques. If the blast 
wave peak overpressure is sufficiently high, it is possible to observe the wave front directly 
from the raw video images as a result of the diffraction of the background light by the 
density gradient across the blast wave. Once the location of the wave front has been 
determined, a circle may be fit manually to the most spherical portion of the blast front. 
Due to a lack of symmetry of the blast wave for certain trials, the center of the circle does 
not necessarily correspond to the exact location of the charge but is typically very close. 
This procedure is repeated for each video image (for a framing rate of 10,000 fr/s, 
consecutive images are separated by 100 μs in time) maintaining the same center for all the 
images. If the circle does not perfectly match the wave front in all directions, the edge of 
the circle is arbitrary placed to precisely coincide with the left side of the blast wave. This 
method has the advantage of being relatively fast, taking into account the sphericity of the 
blast front and also avoiding the addition, or removal, of information associated with any 
image processing technique.  

Above a mass ratio of around 50, the blast wave is weak enough that it is difficult to discern 
the blast wave front against the uneven pixel grayscale level of the background in 
individual video frames. To enhance the visibility of the blast front in these cases it is 
necessary to perform inter-frame image processing. The choice of image processing 
scheme depends on the brightness, contrast and pixel intensity of the particular trial. 
However, the basic procedure is to compare consecutive images so that only portions of 
the image that are moving (such as a blast wave) are retained. At this point, various routines 
are used to enhance the image contrast, apply a thresholding function, filter the image, and 
despeckle the image until the blast wave front is distinctly visible. An overview of the 
typical sequence of image processing routines used is shown in Fig. 5. First, a Matlab Bit-
xor transformation is applied to two consecutive frames. The Bit-xor function compares 
bits of the same pixel in the two different images and returns 0 if bits are equal and 1 
otherwise. Pixels which have the same value (from 0 to 256) are converted to black and 
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others are become more and less grey. Then, the contrast of the resulting image is enhanced 
(imadjust function) and a threshold is set to 4, 5 or 6 depending on the magnification ratio 
and the image properties. As a consequence, only pixels with a value above this threshold 
become visible. The next steps consist of removing the noise from the images. In the first 
instance, images are converted to binary, i.e., black and white. Then, several loops (about 
10) of applications of the speckle removal algorithm is used to remove the smallest noise 
structures. This algorithm consists of a small 2D-median filter (3 x 3) which replaces an 
input pixel at a specific location by the median value of the input pixel and its 8 neighbours. 
If most of the pixels surrounding the input pixel are black the output pixel will be black 
and if it is not, the output pixel will be white. In the end, to get rid of the largest noise 
structures, a larger median filter (10 x 10) is applied. The size of this filter depends also on 
the image properties. One drawback of image processing techniques is that inevitably some 
information is either added to or removed from the image. After applying the various image 
processing techniques, care must be taken to distinguish the front of the particle 
cloud, which may appear as a front similar to a shock wave, from the blast wave front itself. 
Once the trajectory of the blast wave has been unambiguously identified, the procedure for 
fitting a circle to the blast wave described in the previous paragraph is applied. 
 
 
 

 
 
 
Fig. 5 Sequence of video processing techniques applied to video images to extract the location of blast wave 
in order to determine shock trajectory and velocity. 
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With the image analysis procedure described above, the spherical blast radius can be 
determined. Pixel counts are converted to distance via the pre-trial scale image. Intra-frame 
positions and times are used to determine the shock trajectory, and the shock velocity is 
extracted by differentiating a polynomial line of best fit to the position-time data points.  
Fig. 6 shows an example of a radius-time history plotted for a trial in which aluminum 
particles were explosively dispersed.  
 
 

 
 
 

Fig. 6 Blast wave radius as a function of time for explosive dispersal of aluminum particles with M/C = 48.4. 
Blue crosses refer to the blast radius extracted at a specific instant. The red line corresponds to a 3rd order 
polynomial fit. To obtain the velocity profile this fit is differentiated. 
 
 
Several methods can be used to obtain the history of the blast wave velocity. First, the 
instantaneous velocity can be determined at a specific instant based on the change in 
position between two frames: 
 

			
1 1
1 1

 

              
Where:                  
   i   = image number  
   R(i) = position of the blast in image number i  
   T(i)  = time of the image number i 
   V(i) = blast velocity in image number i  

 
An example of the velocities calculated in this way is shown by the blue crosses in Fig. 7. 
The small changes in distance of the blast from one video frame to the next leads to large 
fluctuations in the velocity due to the lack of precision in determining the shock front 
location. To obtain a smoother variation in the blast front velocity, the shock wave 
trajectory is fit with a 3rd order polynomial, as shown in Fig. 6. The polynomial is then 
differentiated to get the velocity history, which is shown as the solid red curve in Fig. 7. 

(1) 
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This fitting function works well for trials with a mass ratio above 11. However, for mass 
ratios below this value the fit is not accurate enough, especially at early times. As a result, 
in the range of mass ratio between 3.7 and 11, a rational mode fit, i.e., a ratio of a linear 
function and a second order polynomial, is chosen instead. A comparison between the two 
fitting functions for a low value of M/C is shown in Fig. 8. Note that at later times, the 
velocity fitting function starts to increase and diverge from the instantaneous velocity 
values. This is a non-physical behaviour and hence the velocity values to the right of the 
vertical dashed lines, at which point the velocity starts to increase, is discarded. 

The Mach number and the pressure ratio across the shock is then determined from the 
velocity profile. The Mach number M is calculated using the ratio of the velocity over the 
speed of sound (Eq. 2) of the air assumed as an ideal gas:  
 

	                                  
 Where:  
   c = speed of sound (m/s)  
   γ = 1.405  
   R = 286.9 J/kg·K  
   T = temperature in Kelvins  
 
Depending on the trial, temperatures ranged from 5–25°C. Once the speed of sound is 
determined, the pressure ratio across the blast can be determined using the Hugoniot jump 
relation (Eq. 3) assuming that the shock front is relatively thin: 
 

	
2
1

1
1

 

 
 
 
 
 
 
 
 
 

(2) 

(3) 
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Fig. 7 Velocity profile for aluminum at M/C = 48.4. Solid red line corresponds to a 2nd order polynomial 
fit (derivative of the 3rd order polynomial fit of the position vs. time curve). At the right of the dashed 
line, data are not taken into account in the overpressure calculations. 

 

 
 

Fig. 8 Velocity profile for ethanol at M/C = 3.76. Solid red line corresponds to a 2nd order polynomial 
fit. Solid purple line corresponds to a rational mode fit (derivative of the rational fit of the position vs. 
time curve). To the right of the dashed  lines, the velocity begins to  increase and  is not considered 
reliable. 

 

3. RESULTS AND DISCUSSION 
 
In addition to the estimation of peak blast overpressure using image analysis of the blast 
wave trajectories, overpressure measurements were obtained with piezoelectric pressure 
transducers in selected trials. The pressure gauge data were limited to measurements at 
only three or five specific locations and were placed relatively far from the charge so that 
the pressure field very near the charge was not obtained. Fig. 9 illustrates the typical 
overpressure measurements obtained with the gauges at three different locations for the 
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dispersal of glass particles saturated with water, with M/C = 62.3, recorded with a time 
resolution of 5 μs. To reduce the noise in the signals due to impact of the particles with the 
gauge or gauge stand, a Savitzki-Golay filter with a first order polynomial and a frame size 
of 21 was applied to the curves. Note that for each curve, the second pressure spike due to 
the arrival of the ground-reflected wave occurs after the completion of the primary positive 
phase of the signal. These signals were used to determine the positive-phase impulse of the 
blast wave at various locations.  

The peak overpressures derived from videography results are plotted as a function of scaled 
distance, Z, defined in Eq. 4, for all trials in subsequent sections. Following Kinney and 
Graham [17], the equivalent TNT charge mass, W, is equal to the mass of C4 multiplied by 

an effectiveness factor, ε, equal to 1.39 for C4 is used. The overpressure is defined by , 

with 	= P - P0, and P0 = 1 atm. Thus: 
 

	 

 
 

Where: 
   Z = scaled distance (m/kg1/3) 
   R = dimensional distance (m) 
  W = (charge mass in equivalent TNT) = mass of C4 (kg) 	ε (effectiveness factor) 
 

 
Fig. 9 Overpressure as a function of time captured with pressure gauges for glass (Ballotini #13 impact) beads 
saturated with water with a mass ratio of 62.3. 

 
Overpressure Results Granular Mitigants 

Fig. 11 shows the peak overpressure as a function of scaled distance in a log-log plot for 
different dry granular mitigants for mass ratios ranging from 3.9 to 57.1. The solid red line 
corresponds to the peak overpressure of a bare C4 charge based on the Kinney and Graham 
database [17]. The peak overpressures for the eight different materials, and a mixture of 
silicon carbide and glass particles are shown. The curves extracted from the videos are 
spread over a range of scaled distances from Z = 0.5 to Z = 4.0. At scaled distances less 
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than one, the peak overpressure is reduced by about one order magnitude with the pressure 
reduction increasing with increasing M/C, regardless of the mitigant material, as expected. 
Also, for all the materials, it is interesting to note that the decay rates of the mitigated 
overpressure curves do not follow the decay of a bare charge in air. In particular, in the 
near field, the blast overpressure from a mitigated charge decays significantly slower than 
for a representative homogeneous high explosive charge described by the Kinney and 
Graham curve. However, after Z = 2, indicated by the vertical dashed line on the graph in 
Fig. 11, the mitigated overpressure decays similarly to the baseline bare charge in air.  

To facilitate the comparison between the peak overpressure of the mitigated charges with 
a bare charge, the ratio of the mitigated overpressure to that of the baseline case for a bare 
charge from Kinney and Graham is shown in Fig. 12 for all reported trials. The greatest 
degree of mitigation occurs at small scaled distances, and the pressure mitigation decreases 
monotonically with distance from the charge. Furthermore, adding more material mass for 
a given explosive mass increases the mitigation effect, with mitigated pressures normalized 
with the baseline case ranging from a low value (i.e., greatest pressure mitigation) of 2.6% 
at Z = 0.7 for a mixture of SiC and glass with M/C = 56, to a high value of 83% at Z = 2.33 
for granulated sugar with M/C = 3.93.  
 

 
Fig. 11 Blast wave peak overpressure as a function of scaled distance, Z, for dry powders. 
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Fig. 12 Ratio of the mitigated blast wave peak overpressure over the peak overpressure of a blast wave for a 
bare HE charge in air (Kinney and Graham database) as a function of the scaled distance for dry powders. 

 
 
To illustrate the dependence of pressure mitigation on M/C, 3 values of scaled distance 
were arbitrarily chosen (Z = 0.8, 1.5, and 3.24) and then at these values of Z, the 
corresponding mitigated overpressure values and normalized values were extracted from 
Fig. 11 and Fig. 12, respectively. Fig. 13 shows the results for the mitigated overpressure 
as a function of M/C for Z values of 0.8 and 3.2 (the data for Z = 1.5 is omitted for clarity). 
At each scaled distance, the overpressures are reduced with increasing M/C. This relation 
can be represented by the following power law fits: 
 

	  

 
Where:   
 (α , β) = (9.2, 0.615) for Z = 0.8 
 (α , β) = (5.29, 0.584) for Z = 1.5 
 (α , β) = (1.62, 0.578) for Z = 3.24 
 
In a similar manner, the ratio of the mitigated overpressure to the overpressure for an 
unmitigated charge is plotted as a function of M/C at Z = 0.8 and Z = 2.33 in Fig. 14 based 
on the data from Fig. 12. Similar to Fig. 13, the normalized overpressure diminishes with 
increasing M/C, and the data for the different materials are clustered within a broad band. 
The M/C ratio appears to be the primary factor in determining the mitigation effect for a 
given Z value, and the solid particle material properties play a secondary role. In the near 
field, for Z = 0.8, for M/C values greater than about 20, the blast overpressure is highly 
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attenuated, with values less than 10% of the value for a bare charge based on the Kinney 
and Graham data. 
 
 
 

 
 
Fig. 13 Blast wave peak overpressure as a function of M/C at two different scaled distances in the case of 
solid powders. (●) Z = 0.8, (*) Z = 3.24. 

 

 
 
Fig. 14 Ratio of the mitigated blast wave peak overpressure over the peak overpressure of a blast wave in the 
air as a function of M/C for solid powders. (●) Z = 0.8, (*) Z = 2.33. 
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Overpressure Results for Liquids and Saturated Particle Beds 

In the same manner as in Fig. 11, Fig. 15 presents the decay of peak blast overpressure as 
a function of scaled distance for mitigants consisting of pure liquids or powders fully 
saturated with water. Fig. 16 presents the normalized results for the liquid trials. The 
reduction in peak overpressures with liquids and powders saturated with water surrounding 
the charge follow the same trend as for solid powders with large pressure reductions at 
small scaled distances and with the pressures approaching more closely to that of a bare 
charge for Z > 2, except for the case of the largest values of M/C. A similar analysis is 
presented for the liquid experiments, where the peak overpressure and normalized 
overpressure is plotted as a function of M/C for three values of scaled distance. These 
results follow a similar power law decay as with the solid powders, but with different 
coefficients for Eq. 5: (α , β) = (24.6, 0.82) for Z = 0.8, (α , β) = (10.56, 0.684) for Z = 1.5, 
and (α, β) = (1.07, 0.352) for Z = 3.24. The reduction in peak overpressure for these scaled 
distances as a function of M/C is shown in Fig 17. 

Fig. 18 represents the ratio of the liquid/saturated powder mitigated blast wave peak 
overpressure over the peak overpressure of a blast wave in the air as a function of M/C. To 
facilitate the comparison of the blast overpressure attenuation performance of particles 
versus liquids (or particles saturated with water) for a given M/C ratio, the power law fits 
to the data shown in Figs. 13 and 17 are replotted in Fig. 19. Note that in the near field (Z 
= 0.8), for small M/C values, powders are about twice as effective at mitigating blast 
pressure. As M/C increases, the differences are reduced and also at large distances (Z = 
3.24), all materials show the same mitigation performance, irrespective of M/C value. 

 
Fig. 15 Blast wave peak overpressure as a function of the scaled distance in the case of liquids/powders 
saturated with water. 
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Fig. 16 Normalized blast wave peak overpressure versus scaled distance for liquids and powders saturated 
with water. 

 

 

Positive-Phase Impulse 

The positive phase blast impulse is an important parameter when assessing structural 
damage due to blast waves. The positive phase impulse I+ is defined as the area under the 
curve of the first positive section of the overpressure curve, i.e.,  
 

 

 
with tf = ta + td, ta being the time of arrival of the blast wave, and td being the duration time 
of positive overpressure. For the convenience of comparing results from experiments with 
different explosive masses, it is convenient to define a scaled impulse as follows: 

 

 
Where:   
 Is

+ = Blast wave scaled impulse (bar·ms/kg1/3) 
 I+ = Blast wave positive impulse (bar·ms)  
W (charge mass in equivalent TNT) = mass of C4 (kg) 	ε (effectiveness factor) 
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Fig. 17 Blast wave peak overpressure as a function of M/C at two different scaled distances in the case of 
liquids/powders saturated with water. (●) Z = 0.8, (*) Z = 3.24. 

 

 
Fig. 18 Ratio of the mitigated blast wave peak overpressure over the peak overpressure of a blast wave in 
the air as a function of M/C in the case of liquids/powders saturated with water. (●) Z = 0.8, (*) Z = 2.33. 
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Fig. 19 Comparison of the power law fits to the blast overpressure data vs. M/C ratio for particles and 
liquids/wet powders. 
 
The impulse data for all trials obtained by integrating the blast overpressure-time history 
obtained with the side-on piezoelectric pressure transducers. Another method for 
determining blast impulse using optical data to characterize density gradients within the 
flow field has been reviewed by Biss and McNesby [2]. This method is not practical in the 
present situation due to the presence of a non-static background and the presence of 
compacted fragments that perturb the local pixel intensity. 
 
Impulse from Dry Powder Mitigants 

Fig. 20 presents the scaled impulse results for 5 different types of powders. In all cases, the 
blast impulse falls below the values for a homogeneous explosive from Kinney and 
Graham, by up to a factor of 5. The spread in the results is the result of variations in the 
M/C value. Fig. 21 shows the dependence of scaled impulse with M/C for 3 different Z 
values. For a given Z value, the impulse results for different powders collapse somewhat, 
indicating that the material properties do not play an important role in the blast mitigation, 
and the data can be fit once again with power law fits according to Eq. 5 with the following 
coefficients: 
 
 
 
 
 
Impulse from Liquid and Water-Saturated Powder Mitigants 

In a similar manner, the scaled impulse for liquids and liquid-saturated powders, is plotted 
as a function of Z and M/C (for given Z values) in Figs. 22 and 23, respectively. In contrast 
with powders, liquid mitigants unexpectedly have virtually no influence on the decay of 

(α , β) = (1.27, 0.517) for Z = 3.24 
(α , β) = (0.73, 0.494) for Z = 5.9 
(α , β) = (0.445, 0.543) for Z = 11.8 
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the scaled positive-phase impulse with distance, in comparison with a bare HE charge. 
Furthermore, from Fig. 23, the scaled impulse does not depend on M/C.  
 

 
 

Fig. 20 Scaled blast wave impulse as a function of scaled distance for the case of solid powder mitigants. 

 

 
 

 
Fig. 21 Scaled impulse as a function of M/C at three different fixed scaled distances for solid powders. 
(Red) Z = 3.24, (magenta) Z = 5.9, (blue) Z = 11.8. 
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Fig. 22 Scaled blast wave impulse as a function of scaled distance for the case of liquid (or liquid-saturated 
powders) mitigants. 

 

 

 

Fig. 23 Scaled impulse as a function of M/C at five different fixed scaled distance for liquids/powders 
saturated with water: (■) Neat water, (●) Glass wet #13, (*) Glass wet #10, (⋆) Titanium wet. 
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discussion 

The present results demonstrate that the peak blast overpressure from a high explosive 
charge may be reduced by up to more than one order of magnitude by surrounding the 
charge with a layer of mitigating powder providing that the mass of mitigant is sufficiently 
large, relative to the explosive mass. The mitigation effect is most effective in the near 
field, particularly for scaled distances of Z < 2. The attenuation of the peak overpressure is 
primarily dependent on the M/C ratio, for a given scaled distance. Since the mitigant mass 
(or mass ratio) is the key parameter controlling the effectiveness of blast mitigation, it is 
likely that the transfer of momentum and energy from the detonation product expansion to 
the particles is the primary reason that the pressure is reduced in the far field. Once the 
particles begin to decelerate due to drag with the surrounding gas, the kinetic energy of the 
particles will be converted back to internal energy of the gas and the pressure mitigation 
effect is reduced at farther distances from the charge. 

Plotted versus M/C, there are small differences in overpressure reduction for different 
powders, although it is not clear which material properties play the most important role in 
distinguishing the performance of different powders as there is no clear trend of particular 
materials providing superior mitigation on a per-mass basis. It should be noted that there 
are small differences in the solid volume fraction (or void fraction) for the different 
powders, and this may explain some of the differences in the results. It is interesting to note 
that while some particles form jets when explosively dispersed, and others are much less 
susceptible to jetting (such as heavy particles like steel shot), the pressure mitigation does 
not seem to be strongly dependent on the presence, or not, of particle jets. Further insight 
into the dependence of pressure mitigation on material properties may be gained by 
carrying out hydrocode simulation of the explosive dispersal process, with the material 
properties varied systematically, and work is currently underway in this area. 

The rate of decay of the overpressure in the near field for powder mitigants is less than for 
an unmitigated homogeneous explosive charge in the near field (Z < 2). One possible 
explanation for this observation is that since the particles follow closely behind the blast 
wave in the near field, the particle front is effectively acting as a porous piston, which 
generates pressure disturbances that support the blast wave. Effectively each particle, or 
particle jet in the case of some particles, will drive a bow shock ahead of it, which locally 
perturbs the pressure field. The cumulative effect of these micro-bow shocks is to support 
the blast wave and reduce its rate of decay. As the particles move radially outwards, the 
local particle density is reduced and the piston effect will be reduced. When the blast wave 
separates spatially from the particle front, this piston effect will be eliminated since the 
pressure disturbance caused by the particles will not be able to catch up to and influence 
the blast wave, although they will still influence the pressure field behind the blast wave 
and hence the blast impulse.  

Powders are more effective at mitigating blast overpressure, particularly for small M/C 
ratios and in the near field, in comparison to liquids or liquid-saturated powders. It is likely 
that the energy dissipation during compaction of dry powders plays a key role in 
attenuation of the blast wave overpressure. In a recent publication, Milne [24] used 
hydrocode calculations to develop an empirical correlation for the particle velocity 
obtained during explosive dispersal and showed that the velocity deficit, in comparison 
with the conventional Gurney velocity, is largely due to losses during the powder 
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compaction stage. A similar argument likely explains the pressure mitigation effect of 
powders. Liquid, in contrast with powders, have no initial porosity, and hence energy 
dissipation due to pore collapse does not play a role during shock propagation through the 
liquid. Other phenomena play a role during explosive dispersal of liquids, including 
cavitation behind the inward expansion wave generated when the shock wave reaches the 
liquid surface. Re-compaction of the bubbly liquid generated by cavitation by the 
expanding explosive products, and breakup of the liquid into droplets and subsequent 
droplet evaporation will also occur, as discussed in a recent publication on the dynamics 
of liquid dispersal [23]. The lack of porosity in a liquid also likely contributes to the 
observation that liquid mitigants have virtually no effect on the positive phase blast 
impulse. Further elucidation of this surprising observation will require detailed hydrocode 
calculations to explore the dependence of various parameters as well as the effect of liquid 
cavitation, liquid fragmentation, and droplet evaporation.  

4. CONCLUSIONS 
The mitigation of a blast wave created by the detonation of a high explosive was 
investigated experimentally. Various types of mitigants such as particles (iron, steel, brass, 
aluminum, sand, glass, sugar, silicon carbide) as well as liquids (water, glycerol, ethanol, 
vegetable oil) have been tested. The blast peak overpressure was inferred from the analysis 
of the blast wave motion from the high-speed video records and the positive-phase blast 
impulse was determined from side-on pressure transducers at several distances from the 
charge. The primary results of this study are as follows:  
 

1) Solid powders, liquids, or powders saturated with a liquid can be used as blast wave 
mitigants. However, solid powders outperform liquids with respect to mitigating 
the blast wave overpressure. The difference in mitigation performance is likely due 
to the energy loss during the compaction of solid powders at early times which 
indicates that initial porosity is a beneficial factor for mitigation.  

2) The decay in peak blast overpressure for both granular solid and liquid mitigants as 
a function of the mass of mitigant to the charge ratio (M/C) follows a weak power 
law function. The decay in blast impulse as a function of M/C for the solid powders 
also exhibits a power law decay. However, in the case of the liquids or liquid-
saturated powders, blast impulses are virtually the same as an unmitigated charge 
with the same explosive mass and does not depend on the mass ratio. 

3) It is hypothesized that the slower rate of of decay of the blast wave overpressure in 
the near field for a mitigated charge versus an equivalent bare charge is due to 
partial blast wave support from the higher inertia mitigant acting as a 
porous/imperfect piston. 
 

Current work is underway to gain insight into the blast wave mitigation during explosive 
dispersal of material surrounding a charge as well as to explore the dependence of the blast 
wave properties on the M/C ratio and particle or liquid properties using the multiphase 
hydrocode EDEN in collaboration with scientists at Fluid Gravity Ltd. [23].  
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SECTION 6. BIOCIDAL AGENT DETECTION IN FIELD 
CONDITIONS 
 

Chapter 1. CuCl Experiments 
 

1. INTRODUCTION 
Large scale experiments were performed with biocidal material to investigate the potential 
concentration of biocidal material released in the air during the combustion of the 
aluminum cloud. 

2. EXPERIMENTAL APPARATUS 
Large-scale experiments were performed at the Canadian Explosives Research Laboratory 
(CERL) in Nepean, Ontario. The apparatus used is identical to the one used in the previous 
years of this grant. Figure 8 shows the apparatus used to generate a large-scale aluminum 
cloud measuring roughly 4m in height and 2m in width. Figure 1 also shows a picture of 
the apparatus and an image of the cloud itself.  
 
 

 
 
Figure 1. Schematics and photograph of the experimental rig for the large-scale dust cloud 
combustion tests. 
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3. RESULTS AND DISCUSSION 
 

Figure 2 shows still frames of the flame propagation for two ignition delay times. Flame 
propagation is imaged with a Photron SA-5 at 2000 frames per second. Figure 3 shows 
color still-frames of the flame propagation. 
 

 

Figure 2. Still frames of flames ignited without delay (top) and with 0.4 seconds delay (bottom) 
after the end of the dust dispersion process. 

 

 

Figure 3. Visible radiation from a flame propagating through a large-scale aluminium (12 µm Valimet H-10 
powder)-air dust cloud. Time between frames is 125 ms. 

 

A biocidal material, copper chloride (CuCl), in powder form, was added to the aluminum 
powder. The concentration ranged from 1% to 20% and was thoroughly mixed. During 
combustion of aluminum, CuCl decomposes into copper and chloride and “releases” the 
biocidal material. The biocidal effects come front the biocidal halogen, from the high 
temperature of an aluminum flame (3400 K) and from the UV radiation emitted from 
alumina particles in the post-flame region.  
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Figure 4. Emission spectra of CuCl inside the aluminum flame. 

 

The two copper chloride bands can be seen in the wavelength region between 420 nm and 
460 nm on Fig. 11. This information can be used to obtain the temperature of copper 
chloride molecules and also determine its concentration. 

Emission spectroscopy was also used to measure the gas phase temperature using AlO. 
AlO is a sub-oxide present in the gas phase in the combustion zone. AlO molecules quickly 
form Al2O3 through chemical condensation after the flame. The molecule AlO is therefore 
short lived and is present in the gas phase close to the burning particles. Figure 12 shows 
the emission spectra of AlO in an aluminum flame at three different times during the event.  

 

Figure 5. Experimental and fitted theoretical AlO spectra at a single temperature from a single fiber for 
different points in time after dispersion, each 5 ms apart.  
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The temperature of the aluminum flame was derived from AlO molecular spectra by fitting 
the experimentally measured shape with the shape derived from theoretical calculations 
(Goroshin et al., 2007). Light from three equidistant locations 0.5 m apart, perpendicular 
to the incoming flame front, was transmitted by multimode fibers (0.4 mm dia) to the 
entrance slit of a customized f/5 imaging, Czerny-Turner spectrometer. The fibers were 
coupled along the slit such that the light from each fiber was spatially separated on the 
spectrometer image plane. The spectrometer was coupled to a high speed SA-5 Photron 
digital videocamera filming spectra at 2000 frames/s. Using a 300 gr/mm grating, the 
spectrometer resolution was about 0.15 nm with a spectral range of about 130 nm covering 
the entire AlO emission band. The resulting integrated spectrum signal from a fiber and 
the corresponding theoretically calculated spectrum corresponding to a temperature for 
several different frames is shown if Fig. 10. 

The measured flame temperatures are in the range of 2900 – 3000 K which is about 300 K 
lower that temperatures measured from a Bunsen aluminum flame by the same method. 
The difference can be attributed to the experimental uncertainty of the measurement, which 
is on the order of a few hundred Kelvin. 
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