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This paper presents an experimental technique and respective heat transfermodel for studying ignition ofmicron-

sized metallic particles at varied heating rates in the range of 106 K=s. The experimental setup uses aCO2 laser as a

heating source. The interaction of the laser beam with particles is particle size dependent and a narrow range of

particle sizes (around 3:37 �m) is heated most effectively. Therefore, the heat transfer model needs to be analyzed

only for the particles with this specific size, which greatly simplifies the interpretation of experiments. The powder is

aerosolized inside a plate capacitor by charging particles contacting the capacitor’s electrodes. A thin, laminar

aerosol jet is carried out by an oxidizing gas through a small opening in the top electrode and is fed into a laser beam.

The velocities of particles in the jet are in the range of 0:1–3 m=s. For each selected jet velocity, the laser power is

increased until the particles are observed to ignite. The ignition is detected optically using a digital camera and a

photomultiplier. The ignition thresholds for spherical aluminum powder were measured at three different particle

jet velocities resulting in three different heating rates. The experimental data for aluminum, for which the ignition

kinetics parameters are known, were acquired at a specific heating rate and used to calibrate the detailed heat

transfer model. The experiments with different heating rates were performed to validate the model. The developed

experimental technique and the heat transfer model can now be used to determine the ignition kinetics of different

metallic powders in various gas environments.

Nomenclature

A = accommodation coefficient
C = particle specific heat, J � kg�1
D = particle diameter, m
Dbeam = laser beam diameter, m
f = particle complex refractive index
I = laser beam intensity, J �m�2 � s�1
i = power law coefficient for gas thermal

conductivity
KB = Boltzmann constant, J � K�1
kg = gas thermal conductivity, J �m�1 � s�1 � K�1
M = particle mass, kg
mg = mass of gas molecule, kg
Pg = ambient gas pressure, N �m�2
_QChemical = chemical heat generation rate, J � s�1
_QConvection = convection heat transfer rate, J � s�1
_QLaser = laser heat transfer rate, J � s�1
_QRadiation = radiation heat transfer rate, J � s�1
_qContinuum = continuum heat transfer rate, J � s�1
_qFree molecular = free-molecular heat transfer rate, J � s�1
Tg = ambient gas temperature, K
Tp = particle temperature, K
T� = gas temperature at Langmuir layer, K
t = time, s
W = total laser beam power, J � s�1
z = coordinate perpendicular to laser beam axis, m
� = particle’s thermal diffusivity, m2 � s�1
� = adiabatic index of gas

�� = adiabatic index of gas, averaged over Tp and T�
� = Langmuir layer thickness, m
" = particle emissivity
� = particle’s laser absorption efficiency
� = CO2 laser wavelength, m
�MFP = mean free path of monoatomic gas molecule, m
�0MFP = mean free path of polyatomic gas molecule, m
� = Gaussian standard deviation, m
�SB = Stefan–Boltzmann constant, J �m�2 � s�1 � K�4
� = particle temperature equilibration time, s

I. Introduction

R EACTIVE metals and metalloids, for example, Al, B, Mg, Zr,
Ti, Li, etc., as well as their alloys are promising ingredients for

high-energy density compositions used in propulsion systems,
explosives, and pyrotechnics. Metallic powder fuel additives enable
one to achieve higher combustion enthalpies and reaction
temperatures. In most practical systems, metal ignition and
combustion occur in environments with rapidly changing temper-
atures and gas compositions. On the other hand,most of the available
quantitative characteristics describing ignition and combustion of
metal particles were obtained from laboratory experiments in which
the environment temperature and composition were carefully
controlled. Thus, ignition of metallic particles has been often
characterized by a predetermined ignition temperature [1,2]. Ignition
is also commonly assumed to occur after an ignition delay, which is
estimated as the time required to preheat the particle up to the ignition
temperature. The ignition temperature is classically understood in
terms of Semenov’s thermal theory as the minimum environment
temperature which leads to self-sustaining combustion of an inserted
particle [3,4]. This definition has been successfully used for
applications where the heating rates are characteristically low, for
example, dealing with fire safety and ignition of solid fuels in large
furnaces [5,6]. However, it becomes inadequate for applications in
which the particles are heated rapidly, and the particle’s temperature
can exceed the classically defined ignition temperature before the
self-sustaining combustion is established. Furthermore, the whole
concept of ignition temperature appears inadequate considering the
nature of heterogeneous oxidation leading to ignition ofmost metals.
For example, for aluminum, the thermally accelerated heterogeneous
oxidation producing the heat necessary for a self-sustaining
combustion also accelerates the growth of a protective oxide layer,
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which could prevent the combustion fromoccurring. This situation is
typical for metal particle ignition in explosives, propellants, and
pyrotechnics. Thus, to describe ignition for such applications, it is
necessary to analyze the specific transient heat transfer problem in
which one ormore of the exothermic processes leading to the particle
ignition are considered. Such analyses require quantitative
descriptions of these, typically thermally controlled, exothermic
processes balanced by the conventional heat transfer terms of
convection and radiation. The kinetics of exothermic reactions in
related energetic materials is commonly characterized by thermal
analysis, where the heating rates are very low, on the order of
1–50 K=min. The extrapolation of the identified kinetics to the high
heating rates is difficult and requires direct experimental verification.
This difficulty led to the development of new experimental
approaches to directly characterize ignition kinetics for the heating
rates in the range of 103–104 K=s [7,8]. However, the practically
interesting heating rates of 106 K=s range have not been achieved.
Also, there is a critical difficulty in the interpretation of all the
experimental data dealing with ignition of metal powders, which is
caused by the presence of particles of different sizes. The heating
rates are different for particles of different sizes, and so must be the
rates of the thermally controlled processes leading to ignition.
Therefore, interpretation of the experimental data obtained with
regular, polydispersed metal powders is difficult, whereas
experiments with highly monodispersed particles are impractical.

This study presents a new experimental technique and the
corresponding heat transfer model that enables one to quantify
ignition kinetics for reactive particles heated at varied heating rates
approaching to or exceeding 106 K=s. Therefore, the identified
ignition kinetics must be directly useful in modeling ignition of such
particles in practical applications involving rapid heating. The
proposed experimental technique uses CO2 laser heating of
aerosolized powders,which is particle size sensitive.As a result, only
particles in a narrow range of sizes are effectively heated and ignited.
This allows interpreting the results using a detailed heat transfer
model for the specific, effectively heated particle size, even though a
commonly available polydispersed powder is used in experiments.
The laser is fired at a minimum possible power at which ignition
starts to be observed, so that only themost effectively heated particles
are ignited. The technique allows achieving different particle heating
rates by varying the speed of particles fed into the laser beam. This
paper describes the developed experimental technique, the heat
transfer model, and experiments aimed to calibrate the model using a
metal powder with well-established ignition kinetics.

II. Technical Approach

The technical approach is based on feeding individual micron-
sizedmetal particles into a focusedCO2 laser beam.Because theCO2

laser wavelength (10:6 �m) is comparable to the particle diameter,
the laser heating is particle size dependent and is most effective for
the particles of about 3:4 �m in diameter (as discussed in detail
later). The experiment is conducted in an oxidizing environment, so
that if the laser power exceeds a specific threshold, the heated
particles of 3:4 �m diameter start igniting when they cross the laser
beam. A detailed heat transfer model is developed, taking into
account heating of metal particles in the laser beam, thermally
controlled heterogeneous exothermic reactions leading to ignition,
convection, and radiation terms. The model needs to consider only
the specified above particle diameter, whereas experiments are
conducted with a commercial polydispersed Al powder. The model
includes one adjustable parameter that is the effective diameter of the
focused laser beam. Specifically, it is the standard deviation for the
Gaussian function describing the energy distribution across the laser
beam. Note that an accurate measurement of the focused CO2 laser
beam diameter is difficult because of the thermal interaction of the
beam and any target placed in its focal point. In addition, interference
effects become substantial and contribute to the experimental error.
Instead, an experimentally determined laser power ignition threshold
obtained for spherical Al particles, for which the kinetics of
exothermic reactions leading to ignition has been recently described,

[9–12] is used to determine the adjustable parameter and thus to
calibrate the model. The calibrated model is validated by
experiments conducted with the same particles but at different
heating rates. The validated model can be used to determine ignition
kinetics of different materials igniting in various environments.

III. Experimental

The powder used in these experiments was spherical, 99% pure
aluminum with a nominal average particle size of 4:5–7 �m by
Alfa Aesar. The experimental setup is shown in Fig. 1 and includes a
generator of an aerosol jet, a 125 W CO2 laser (Synrad,
Evolution 125) with a ZnSe convex lens (0.75 in. aperture and 4 in.
focal length), and a modulated green laser (SUWTECH model
DPGL-3000 by Photop Technologies, Inc.) operated with a set of a
semicylindrical and convex glass lenses to produce a laser sheet for
the jet visualization. Also, not shown in Fig. 1 but employed in the
experiments were a digital camera (Panasonic GS-35), used to obtain
particle streaks, and a photomultiplier tube (PMT) used to identify
events of particle ignition. In addition, a power meter (Synrad,
POWERWIZARD 250), was used to measure the laser beam energy
and verify the accuracy of the preset laser power.

The aerosol jet generator uses electrostatic aerosolization
described elsewhere [13]. In this technique, a conductive (e.g.,
metal) powder is placed between the electrodes of a parallel plate
capacitor. A high dc voltage in the range of 1–15 kV is applied and
conductive particles acquire electric charge. They are repelled from
the bottom electrode and attracted to the top electrode, where they
recharge upon collision. The motion of the charging and recharging
particles continues so that an aerosol is produced in the space be-
tween the capacitor’s electrodes. Because of the multiple collisions
of the charged particles with electrodes, particle agglomerates are
broken and the resulting jet contains single particles only, as was
confirmed in the previous reports [14]. The applied voltage can be
used to control the particle number density in the produced aerosol.
In the device used in this project, a small opening (nozzle) was made
in the center of the top electrode to allow formation of a thin aerosol
jet escaping from the capacitor. The number density of the produced
aerosol was maintained small so that the number of particles fed into
the aerosol jet was of the order of 1000 per second. The space be-
tween the capacitor’s electrodes was enclosed in a chamber. A con-
trolled airflow, measured by a gas flow meter (M-200SCCM-D by
Alicat Scientific, Inc.),was fed into the chamber to adjust the speed of
the escaping laminar aerosol jet. The speed could be readily con-
trolled in the range of 0:1–3 m=s. An additional, slow (�0:1 m=s)
shroud airflow (not shown in Fig. 1) was also produced around the
aerosol jet, which was found to enhance the jet’s stability [13].

The aerosol jet was illuminated by a vertical green laser sheet. To
enable particle image velocimetry, the laser sheet was modulated at
600, 1500, and 2000 Hz, depending on the jet speed. Produced
particle streaks were recorded using the digital camera and the streak
lengths were measured to determine the jet velocity.

Fig. 1 Schematic diagram of the experimental setup.
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TheCO2 laserwas focused about 1.5 cm above the jet nozzle using
an auxiliary red laser aligned with the CO2 laser beam and the ZnSe
lens. Once a stable aerosol jet was established, the CO2 laser was
fired continuously for 8 s, at a preset power level. The visible
radiation, generated by heating and/or ignition of particles, was
monitored using a photomultiplier connected to a PC-based data
acquisition system. The streaks of heated particles were also
visualized by a digital camera operated with a shutter open for the
entire duration of the laser firing. The experiment was repeated with
gradually increased laser powers until ignition was clearly observed.
The peaks recorded by the PMT were analyzed to determine the
minimum laser power needed for ignition for each specific aerosol jet
velocity.

The images recorded by the digital camera showed short and
bright streaks of particles crossing the laser beam. However,
discrimination between the streaks produced by luminous particles
that did not ignite and those that ignited and burned was ambiguous.
Thus, using the PMT with a temporal resolution of 20 �s was
necessary for clear identification of the ignition events. Typical
examples of PMT peaks produced by different particles crossing the
laser beam are shown in Fig. 2. Figure 2a shows a peak produced by a
particle that ignited and burned. A sharp voltage rise is followed by
small changes in the radiation signal occurring during the particle
combustion. On the other hand, the peak shown in Fig. 2b shows the
heating and cooling of the particle that never ignited, and the voltage
rise is immediately followed by the voltage decrease as the particle
exits from the beam. The minimum ignition threshold was
determined if at least one ignition event was detected during the 8-s
period the laser was fired. An 8-s experiment was performed at least
3 times for each laser power setting.

The experiment was performed for three different particle
velocities, so that the igniting particles were heated at three different
rates. Both the jet velocity and the laser power measurements were
repeated immediately before and after each ignition experiment.

In a separate measurement, the effective diameter of the focused
laser beam was evaluated. Because the laser energy is distributed
across the beam according to a Gaussian profile [15], the laser beam
diameter is poorly defined. However, experimentally this diameter
was roughly assessed by firing the laser on a ceramic surface and
measuring the diameter of the produced impression.

Figure 3 shows magnified images of the impressions obtained at
12.5, 25, and 62.5-W laser powers with exposure time of 90, 15, and
3 ms, respectively. Minimum exposure times required to obtain an
impression were used for each laser power setting. The sizes of the
external and internal circles observed on the obtained impressions
did not change as a function of the laser power and could indicate the
diameters of the zone of thermal influence and of the laser beam,
respectively. The diameter of the inner circle was measured to be
close to 330 �m. This size was considered as an initial
approximation for the beam diameter. As described below, the
width of the Gaussian distribution of the laser beam energy profile
was used as an adjustable parameter in the developed heat transfer
model. Themeasurement using the laser beam impressions served as
a guide for the reasonable range, in which the adjustable parameter
could vary.

IV. Heat Transfer Model

The model calculates the temperature history of a single particle
heated by a focused CO2 laser beam. The experimental aerosol jet is
assumed to be sufficiently thin to neglect the interaction between the
particles. For the average feed rate of 1000 particles per second, the
particles moving at about 1 m=swere separated from one another by
a distance of the order of 1 mm. Because only a fraction of particles
was heated by the laser and ignited, the heat transfer between the
particles could safely be neglected. If a series of close or overlapping
peaks was observed in the PMT traces, such as shown in Fig. 2, such
peaks were disregarded.

The particles are heated while crossing the laser beam, so that the
characteristic particle heating times, determined by the particle speed
and the beam diameter, are in the range of 0.1–3 ms. These times are
much longer than the characteristic time of temperature equilibration
within the particle, � �D2=�� 0:1 �s, where D is the particle
diameter and � is the metal’s thermal diffusivity. Thus, the
temperature gradients within metal particles are neglected. The
model considers only the particles of a selected diameter that are
heated by theCO2 lasermost effectively. This diameter is determined
belowwhile analyzing the interaction of the laser irradiation with the
metal particle.

The particle’s temperature history is calculated using the heat
balance:

MC
@Tp
@t
� _QLaser � _QChemical � _QRadiation � _QConvection (1)

where M is the particle mass, C is its specific heat, and Tp is its

temperature; _QLaser is the heat transfer rate to the particle from the

laser beam, _QChemical is the chemical heat generation rate, which is the
term describing an exothermic process responsible for ignition, and
_QRadiation and _QConvection are the radiation and convection heat transfer
rates, respectively. The overall goal of the proposed experimental

methodology and this model is to determine the term _QChemical as a
function of temperature, and thus obtain the quantitative description
of the ignition kinetics. Therefore, all the other heat transfer terms
must be readily calculated. The radiation term is readily determined
from the Stefan–Boltzmann law:

_Q Radiation � "�SB�	D2	
�
T4
p � T4

g

�
(2)
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Fig. 2 PMT signal frommicron size Al particles crossing theCO2 laser
beam. The aerosol jet velocity is 2:4 m=s and the laser power is 37.7 W.

a) Signal corresponding to ignition and combustion of a particle;

b) signal corresponding to heating and cooling of an unignited particle.
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Fig. 3 CO2 laser beam impressions on a ceramic plate obtained at

different laser power levels. The impressions are painted over with a

dark marker to improve contrast. The laser powers and exposure times
are shown for each impression.
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where " is emissivity, �SB is the Stefan–Boltzmann constant, Tp and
Tg are the particle and ambient air temperatures, respectively, andD
is the particle diameter. The value for emissivity was selected based
on the literature references [16] for aluminum surface. Note that
unless specifically processed, the aluminum surface is always
oxidized, similar to the particles addressed in these experiments,

validating this selection. The calculation of terms _QConvection and
_QLaser is less straightforward. The convection term was calculated
considering that for micron-sized particles, the mean free path of the
gas molecules is comparable to the particle diameter. As a result, a
transition regime heat transfer model based on Fuchs’model [17–20]
was used. The laser absorption efficiency of the particle was
estimated taking into account the absorption and scattering of the
laser beam, due to the comparable particle size and laser wavelength
[21–23]. A theoretical analysis describing the laser heating of
micron-sized metal particles was reported in the literature [21].
However, the effects of particle melting and the specific distribution
of the laser power across the beam have not been considered. The
analysis presented in [21–23] was reproduced and expanded in this
paper. The width of the laser beam was difficult to determine and it
was treated as an adjustable parameter. In order to find this
parameter, in these experiments aluminum particles igniting in air
were used, for which the ignition kinetics relations were reported

recently [9–12]. Therefore, the term _QChemical was known so that the
comparison of the laser power ignition threshold predicted by the
model and experimental results was used to fully define the laser heat
input to the particle. The developed model and the fully quantified

term _QLaser can be used to determine unknown _QChemical terms for
different powders ignited in different environments.

A. Convection Term

For a 3:4-�m diam particle in an atmospheric pressure air at room
temperature, the value of the Knudsen number (Kn) is close to 0.03.
The conventional, continuum convection model is only valid for
Kn < 0:01, and at greater values of the Knudsen number, a transition
model needs to be considered. The correction for the dimensionless
heat transfer coefficient orNusselt number (Nu) is shown in Fig. 4 for
a specific combination of the particle and gas temperatures as
relevant to this work. It is clear that the correction is significant
compared to Nu� 2 for continuum heat transfer. Recently, detailed
Monte Carlo simulations [17,18] validated a simplified heat transfer
model proposed by Fuchs [19,20] for transition heat transfer regime.
In the Fuchs’s model, a particle is assumed to be surrounded by a
hypothetical Langmuir layer with thickness �. The thickness of this
layer is very close to themolecular mean free path in the ambient gas,
�MEP, calculated in [17] as

�� �MFP �
4

5

kg�Tg	Tg
Pg

��������������
mg

2KBTg

r
(3)

where kg is the gas thermal conductivity,Pg is the gas pressure,mg is
themass of the gasmolecule, andKB is the Boltzmann constant. Heat
transfer within the Langmuir layer is calculated using a free-
molecular expression:

_q� _qFree molecular � A	D2Pg

������������
kBT�
8	mg

s
�� � 1

�� � 1

�
Tp
T�
� 1

�
(4)

where A is the accommodation coefficient, T� is the temperature at
the boundary of the Langmuir layer, and � is the adiabatic index of
the gas. The superscript * indicates that the value of � is averaged
over the temperature range of (Tp � T�), as described in [17].

Outside the Langmuir layer, the heat transfer is calculated using a
continuum regime heat transfer expression:

_q� _qContinuum �
4	���D=2	kg�Tg	Tg

i� 1

��
T�
Tg

�
i�1
� 1

�
(5)

where i is the power law dependence coefficient for the gas thermal
conductivity (taken as 1=2 for amonoatomic gas). For a quasi-steady
temperature profile, that can be used in this case, Eqs. (4) and (5) are
solved iteratively for the temperature at the boundary of the
Langmuir layer,T�. Once the boundary temperature is found, the rate
of heat transfer from the particle to gas is calculated.

The Fuchs’smodel validated in [17] considered amonoatomic gas
and a definition of the mean free path given by Eq. (3). A more
generic definition for the mean free path, suitable for polyatomic
gases, is commonly considered, for example, [18]:

�0MFP �
4kg�Tg	


9��Tg	 � 5�Pg

��Tg	 � 1�

���������������
	mgTg
2kB

s
(6)

To use Fuchs’s model validated in [17] to describe heat transfer in a
polyatomic gas, Eq. (6) should replace Eq. (3) while being corrected
by a factor of 3=

����
	
p

, which is the difference between the two
expressions when applied to a monoatomic gas. Thus, the corrected
Eq. (6) was used in this model. Properties of dry air [16], including
the adiabatic index � and thermal conductivity kg, were used. An
accommodation coefficient of A� 0:87 for the Al particle [24] was
used. Literature data summarized in [24] indicate that the
accommodation coefficient for Al can vary in the range of 0.87–
0.97 depending on the surface finish and etching. The value selected
in this paper is for a clean, unetched surface that is normally expected
to be coated with alumina. Figure 4 shows the Nusselt number as a
function of the Knudsen number or particle diameter for a selected
combination of particle and gas temperatures. The dashed curve was
calculated in [17] for monoatomic gas and was reproduced here. The
solid line, used in the present ignition model, shows a modified
dependency taking into account properties of air as a diatomic gas.

B. Laser Heating Term

To determine the energy delivered to a particle from the laser
beam, consider a particle that crosses a horizontal beam while
moving along the vertical axis z. The laser energy delivered to the
particle is a function of the particle absorption efficiency � and laser
spatial power density I�z	, and can be calculated as

_Q Laser � 1
4
	D2���;D; f	I�z	 (7)

where � is the particle’s laser absorption efficiency [21,22]
depending on the laser wavelength �, particle diameter D, and
material’s complex refractive indexf. The laser power density I�z	 is
commonly described by aGaussian profile [15] and can be expressed
as

I�z	 � W

2	�2
exp��z2=2�2	 (8)

whereW is the total beam power and � is the standard deviation for
the beam’s Gaussian function centered around z� 0. The value of �

Fig. 4 Nusselt number as a function of the Knudsen number (or
particle diameter) is calculated for the transition regime heat transfer

using Fuchs’s two layermodel [17]. Calculations formonoatomic gas are

reproduced and the model is adapted for dry air.
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(or 6� approximately equal to the beam diameter Dbeam) was varied
as the model’s adjustable parameter, as further discussed.

The laser energy absorption efficiency as a function of particle size
and temperature has been described in the literature for spherical
metal particles [21,22]. The absorption efficiency was calculated for
the temperatures below the particle’s melting point using Mie’s
scattering theory. Drude’s model was used to find the complex
refractive index as a function of temperature. The computations
presented in [21] were reproduced here for aluminum particles, as
shown in Fig. 5. The calculations were also performed for other
metals and it was observed that for a specific laser wavelength
(10:6 �m for the CO2 laser), the absorption efficiency calculated
using Mie’s scattering theory [21,22] peaks at nearly the same
particle size (D� 3:37 �m) for different metals. Because of this
particle size selective heating, only the particles with the peak
absorption efficiency ignite at the threshold laser power in the present
experiments. In practical terms, estimates showed that the
experimental error in the laser power will lead to ignition of
particles within a size range of about 3:3–5 �m.

The model was further modified to account for the effect of
melting on the absorption efficiency [23]. On melting, the particle
density changes abruptly [16] and the absorption efficiency
experiences a jump as shown in Fig. 6. The overall absorption
efficiency for a particle undergoing melting was calculated as a
weighted average of the efficiencies for its solid and liquid parts.

C. Chemical Term

For Al powder used in the experiments, the ignition model
described recently [9–12] was used. The model calculates the rate of

oxidation that is limited by the rate of transport of oxygen or
aluminum through the protective surface oxide layer. It has been
reported that aluminum powders are coated with a 2.5-nm thick layer
of amorphous alumina [25–28] which was the assumed initial oxide
coating in the model. As the particle temperature increases, different
polymorphs of Al2O3 become stable [9,29] and the model considers
the kinetics of respective polymorphic phase transitions. The
transformations accompanied by a significant increase in the density
of alumina, such as amorphous to � alumina and � to � alumina, can
also be accompanied by disruptions in continuity of the protective
oxide. Thus, the oxidation rates and respective heat release rates are
predicted to increase rapidlywhen such phase changes occur. Further
details of the oxidation model for aluminum particles are available in
[12]. The model was validated for aluminum ignition in air [9–12].
Therefore, it is acceptable for a description of the present
experiments in which aluminum ignition in air is being considered.

V. Results and Discussion

The model was used to predict the temperature history for a
particle crossing a laser beam. The calculations were performed for
different particle velocities, corresponding to the experimental
aerosol jet velocities. For each calculation, the laser power was
allowed to vary to find the threshold power at which ignition was
predicted to occur. Figure 7 shows calculated Al particle temperature
histories at three different particle velocities. The dashed curves
show the particle temperatures when the laser power is just under the
ignition threshold. The heating up and cooling down parts of the
curves correspond to the particle’s entrance to and exit from the laser
beam. The solid curves, showing the particle temperature histories at
the threshold power, are closely following the dashed curves during
the initial heating period. The curves diverge as the particle

temperature increases and the role of term _QChemical becomes
increasingly significant.

The calculations were performed until the particle temperature
reached the alumina melting point of 2320 K. Above this
temperature, the analysis of the heterogeneous processes rate limited
by diffusion through the oxide layer is no longer relevant.
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Fig. 6 CO2 laser beam absorption efficiency as a function of aluminum
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Furthermore, the oxide coating can no longer remain protective and
so the particles that reached this temperature were considered
ignited.

Three cases illustrated in Fig. 7 correspond to different heating
rates (or different velocities at which the particles crossed the laser
beam.) It is clear that at lower heating rates, the predicted ignition
threshold laser power is also lower.

A comparison between different terms in the energy equation (1) is
shown in Fig. 8 for a case of a particle crossing the laser beam at
0:59 m=s and the laser power set at 14.5W. Radiation heat losses are
insignificant and are always less than 1% of the laser heat input.
Therefore, the specific choice of particle emissivity, which is poorly
known for the oxidized Al surface, is not important. Convection heat
losses represent the dominant heat removal mechanism for the
particle. The chemical heat input comes into play and becomes
noticeable only after the particle reaches a certain temperature. A
sharp increase in the chemical heat generation after the melting
plateau is due to a very rapid reaction controlled by the gas phase
diffusion to the portion of Al surface exposed to air after the phase
transformation from amorphous to � alumina polymorph [9–12].
Once the openings in the newly formed � oxide heal, the reaction
starts to be controlled by the condensed phase diffusion and a sudden
decrease in the rate of chemical heat generation is observed [9,10].

Experimental laser power thresholds for ignition of Al powder at
three different particle velocities are shown in Fig. 9. The powder

ignited at 14.5, 23.5, and 37.4 W for the particle velocities of 0.59,
1.37, and 2:42 m=s, respectively. For each preset laser power level,
the ignition was detected optically, using the PMT ignition peaks. At
the threshold power, at least one particle was observed to ignite
during a period of 8 s. These ignition statistics are reasonable
considering a small number of particleswith diameters in the range of
3:3–5 �m among polydispersed aluminum particles fed into the
aerosol jet. In addition, only a fraction of particles in the jet crossed
the laser beam close to its centerline while the particles crossing the
beam at its periphery were heated to a much lower temperature. The
error bars for the threshold laser power show the step size used to
adjust the laser power experimentally as well as the experimental
error in the laser power setting. The error bars shown for the particle
velocities represent the standard deviation for the velocity
measurements based on the multiple recorded particle streaks.

The adjustable parameter 6�, describing the width of the Gaussian
profile for the energy distribution across the laser beam, was varied
between 240 and 292 �m to match the experimental laser threshold
powers at different heating rates. For each measured threshold laser
power corresponding to a specific heating rate, the value of 6� was
found at which the predicted laser power matched the experiment.
This value was then used to predict the laser threshold powers for the
entire range of heating rates used in experiments. Thus, the three
resulting calculated lines are shown in Fig. 9; each line, as described
previously, was selected to match one of the experimental points
exactly. Most importantly, for all three cases, the overall predicted
dependencies of the laser threshold power on the heating rate (or
particle velocity) match well with the experimental trend. The value
of 6� � 260 �m, selected for the laser threshold power at the highest
heating rate, appears to best match the experimental points at
different heating rates and is considered as the final selection for the
model’s adjustable parameter.

The developed model describes the experiment adequately, and
the calibrated heat transfer term describing the CO2 laser heating of
metallic particles can nowbe used to determine the unknown ignition
kinetics for powders other than spherical aluminum used in these

experiments. The unknown term _QChemical can be found by matching
the experimental and calculated trends for the laser power ignition

threshold as a function of the heating rate and using the terms _QLaser,
_QRadiation, and _QConvection determined above.

VI. Conclusions

A new experimental technique and respective heat transfer model,
using transition regime heat transfer, have been developed for
studying ignition kinetics of metallic powders at high heating rates.
An experimental setup, inwhich aerosol particles are heated in aCO2

laser beam, was built and tested. The heating rates on the order of
106 K=s were achieved, which are close to those occurring in many
practical applications of metal-containing energetic materials.
Because the experiment uses a CO2 laser to heat micron-sized
metallic particles, which are comparable to the laser beam
wavelength, the heating is most efficient for the particles of a specific
diameter, close to 3:37 �m. This particle size-selective heating
simplifies dramatically the theoretical analysis of the heat transfer
while allowing one to use regular polydispersed powders in
experiments. The developed heat transfer model includes radiation,
convection in the transition regime, and a detailed analysis of the heat
transfer from a laser beam to metal particles. The model was
calibrated comparing the calculations and experimental data
acquired for spherical Al particles, for which the ignition kinetics
parameters were determined elsewhere. The developed experimental
technique and the heat transfer model enable one to quantify the
kinetics of ignition of a metallic particle in a gaseous environment of
interest. The heat transfer term describing the unknown ignition
kinetics can be determined by matching the experimental and
predicted laser power thresholds necessary for particle ignition at
different velocities at which the particles cross the laser beam and,
therefore, for different heating rates.

Fig. 8 Different terms of the energy equation (1) for an Al particle of

3:37-�m diameter crossing aCO2 laser beam, set at 14.5W at 0:59 m=s.
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Fig. 9 Experimental results and calculated laser power thresholds for
ignition of Al particles for different particle velocities (at different

heating rates). Each line is calculated by selecting 6� � Dbeam to match

one of the experimental points.
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