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An experimental investigation of the combustion characteristics of boron nanoparticles in the post flame
region of a flat flame burner has been conducted. Boron is attractive as a fuel or a fuel supplement in
propellants and explosives due to its high heats of combustion on both a gravimetric and volumetric
basis. A relatively large database exists for combustion characteristics of large (greater than 1 μm) boron
particles, but very little exists for nano-sized boron. Ignition and combustion characteristics have been
studied in the post flame region of a fuel lean CH4/Air/O2 flame, with burner temperatures ranging
from about 1600 K to 1900 K, and oxygen mole fractions ranging between 0.1 and 0.3. As in earlier
investigations on boron combustion, a two-stage combustion phenomenon was observed. Ensemble-
averaged burning times of boron nanoparticles were obtained, while the ignition time measurements
for boron nanoparticles were extended into a lower temperature range previously unavailable in
the literature. The measured burning times were between 1.5 ms and 3.0 ms depending on both
the temperature and oxygen mole fraction. The ignition times were relatively insensitive to oxygen
concentration in the range studied, and were affected only by temperature. The measured ignition times
were inversely related to the temperature, ranging from 1.5 ms at 1810 K to 6.0 ms at 1580 K. The burning
time results were compared to both diffusion and kinetic limited theories of particle combustion. It was
found that the size dependence on particle burning times did not follow either theory.

© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Metal additives are common in solid rocket propellants and ex-
plosives due to their ability to increase energy density. In particular
boron has been studied for many years because it has the highest
volumetric heating value of any element. Although boron exhibits
exceptional performance characteristics, it has rarely achieved its
potential in propulsion systems. Ulas and Kuo [1] suggest there
are two major reason for this; (1) the ignition of boron particles
is significantly delayed due to the presence of an oxide layer on
the particle surface, and (2) the energy release during the com-
bustion process of boron particles in hydrogen containing gases is
significantly lowered due to the formation of HBO2. Early studies
on boron particle combustion by Macek and Semple [2–4] describe
a two-stage combustion process. The first stage is associated with
particle burning while the particle is still coated with an oxide
layer. As the particle heats up to above the B2O3 boiling point and
the oxide layer is completely removed by evaporation, the second
stage of boron combustion begins. Since pure boron has relatively
high melting and boiling temperatures, 2350 K and 4139 K respec-
tively, the initial reactions in the consumption of the boron particle
involve heterogeneous reactions between the gas phase oxidizer
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and solid or liquid phase boron. The second stage is essentially
the standard combustion of the bare boron particle. Therefore, the
removal of the liquid oxide layer plays an important role in the
ignition and combustion of boron [5]. Numerous studies [2,6,7] in-
volving micron-sized and larger boron identified a critical ignition
temperature ranging between about 1500 K and 1950 K in oxy-
genated environments. Dreizin et al. [8] suggest that the ignition
event at these temperatures could be associated with polymorphic
phase transitions of the boron particle.

Several studies [9–11] found that the presence of water va-
por greatly enhanced boron oxide gasification rates. In addition,
hydrogen-containing species can accelerate the gas-phase combus-
tion process [12]. Unfortunately the presence of water vapor pro-
motes the formation of HBO2, which is thermodynamically favored
over gaseous B2O3 as the temperature is lowered. This results in
the boron being “trapped” as HBO2 and therefore not releasing all
of its energy. This “energy trap” arises from the fact that from an
energetic standpoint, the best product of boron combustion is liq-
uid phase B2O3(l).

Yeh and Kuo [5] showed that when the combustion process is
limited by diffusion, the combustion rate is governed by a D2-
law, while the combustion rate is governed by a D1-law when
the combustion process is limited by kinetics. They suggest that
the dominant mechanism can be determined by evaluation of the
Damköhler number, and that large particles at high pressures ex-
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Nomenclature

A Pre-exponential Arrhenius parameter
As Particle surface area
C p Specific heat
D Particle diameter
dmm Particle mass mean diameter
dpg Particle geometric mean diameter
dT /dt Rate of change of particle temperature
Ė Rate of change of energy
Ea Activation energy
h∞ Convective heat transfer coefficient
k Particle thermal conductivity
N∞ Total concentration of particles
ni Concentration of particles at a given size
Q 5 Heat release from surface reaction
Ru Universal gas constant
S p Particle stopping distance
T Temperature
t1 Stage 1 burning time
t2 Stage 2 burning time
U Particle velocity
u Jet velocity
V Particle volume

XO2 Oxygen mole fraction
ε Particle emissivity
λ Wavelength
μ Viscosity of air
ρp Particle density
σ Stefan Boltzmann constant
σpg Geometric standard deviation
τc Time constant
ω5 Kinetic rate

Subscripts

c Critical
e Exit
gen Generated
in Incoming
initial Initial
out Outgoing
p Particle
st Stored
x,CL Axial centerline
∞ Ambient or freestream

perience diffusion controlled combustion, while small particles at
low pressures are limited by kinetic controlled combustion.

Because of its great potential, boron has been the subject of
many studies spanning many years. The vast majority of studies
however were conducted with particles larger than 1 μm. Only
a limited amount of data exists for studies involving nano-sized
boron. Several studies [13–16] have been conducted on nano-sized
aluminum, and even in bulk sample testing the material behaves
differently than that of its micron-sized analog. Through thermal
gravimetric analysis (TGA), Mench et al. [13] found that aluminum
nanoparticles react at lower temperatures than micron-sized par-
ticles. In single particle testing Park et al. [14] also demonstrated
that the reactivity of the particles increased with decreasing parti-
cle size. Parr et al. [15] demonstrated that for some types of nano-
aluminum the critical ignition temperature could be decreased sig-
nificantly compared to larger particles. These parameters have not
been studied thoroughly for nano-sized boron. If boron nanoparti-
cles exhibit similar characteristics to nano-aluminum, i.e reduced
ignition temperatures, increased particle reactivity, and reduced
combustion times, perhaps it would provide hope that the limita-
tions imposed by HOBO formation can be overcome in time limited
systems, and the full potential of boron could be realized in pro-
pellants and explosives.

2. Experimental approach

2.1. Flat flame burner

A commercially available McKenna flat flame burner using a
mixture of methane/air/oxygen was used to provide a test bed
for determining critical parameters in the ignition and combus-
tion processes of boron nanoparticles. Since the burner was water
cooled, it provided repeatable and stable premixed laminar flames
for long durations. In each case a fuel lean mixture was used.
Therefore, the products of combustion in the burner post flame
region were used in order to provide an environment for particle
combustion. The particles were placed in distilled water to create
a solution of 1 weight percent of boron. A home-built sonicating
atomizer was used to generate droplets of the solution by means

of a vibrating film. The droplets were carried away by compressed
air in the form of an aerosol. The aerosol was then passed through
a series of silica gel dryers to remove all water, leaving only boron
particles in the aerosol. Finally, the aerosol was injected in the
transverse direction across the flame zone as depicted in Fig. 1.
The particles were injected 5 mm above the burner surface. Fig. 2
shows a schematic diagram of the entire test setup.

2.2. Particle image velocimetry (PIV)

In earlier studies [1,2,5] of boron particle combustion using the
post flame region of a flat flame burner to provide the environ-
ment for particle combustion the particles were injected in the
direction of the burner flow and generally assumed to travel at
the flame velocity. In this study the particles were injected per-
pendicular to the burner flow, such that they would traverse the
diameter of the burner. Since the particles were injected perpen-
dicular to the burner flow, it was very important to have detailed
knowledge of the particle velocity in order to provide reasonable
estimates of ignition and burning times. Therefore, a series of PIV
experiments were employed to provide the velocity profiles of the
particles after injection into the post flame region of the burner.
All of the PIV experiments were conducted in “cold flow,” i.e. non-
reacting. However, wide ranges of momentum flux ratios were
covered, such that the momentum flux ratios in the reacting flow
were matched.

In order to minimize changes in the experimental set-up, the
silica gel dryers were removed and the water droplets created by
the atomizer were used as the lone seed particles. The droplets av-
eraged ∼5 μm in size. An important parameter to consider when
choosing seed particles for PIV experiments is the Stokes number,
which provides a measure of how well a particle follows the flow.
By definition, the Stokes number is the ratio of the characteris-
tic particle stopping distance (Eq. (1)) or time and a characteris-
tic fluid length scale or time. In this case, the characteristic fluid
length was taken as the jet core length, which was six times the
inner diameter of the injection tube. By this definition, the Stokes
number in these experiments ranged from 0.16 to 0.31. Since the
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Fig. 1. Schematic diagram of burner and injection scheme.

Fig. 2. Schematic diagram of burner test setup.

Stokes number was less than unity in each case the droplets were
considered suitable seed particles for the experiment.

Sparticle = ρp D2U

18μ
. (1)

By matching the momentum flux ratios we have ensured that
the fluid in the jet will follow the same trajectory in both the hot
and cold flow. A small Stokes number ensures that the particles
will follow the carrier gases very closely. Considering the current
experiment and a conservative estimate of 1000 nm for our largest
boron particle size, in a worst case scenario the particles have a
Stokes number of 0.02. Therefore, we can be assured that not only
are the water droplets suitable seed particles for the PIV exper-
iments, but our boron particles were also subjected to the same

momentum flux ratio and were able to follow the carrier gas just
as well as the water droplets.

For the experiments an LA Vision PIV setup was employed. This
includes an ND:Yag laser and an ICCD camera. The laser sheet was
passed through the injector flow and the camera was placed per-
pendicular to the laser sheet. For data processing, the standard
PIV sum of correlation was used. In total three different injection
flow rates were studied under 12 different burner crossflows. Fig. 3
shows an example of a collected image pair. For each test con-
dition, 50 images were collected and processed to determine the
velocity vectors, an example of which can be seen in Fig. 4. Since
the data collection for this study results in spatial locations of the
boron combustion process, only the axial-component of velocity
was important in later data analysis. Fig. 5 shows the averaged
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Fig. 3. Image pair collected in PIV experiment.

Fig. 4. Velocity vectors obtained using PIV.

axial-component of velocity for the selected injection flow rate un-
der the highest crossflow condition used in this experiment. The
centerline velocity was extracted from all of the experiments and
plotted in Fig. 6, which shows that under these conditions, the
crossflow does not significantly affect the centerline velocity. The
location of the centerline does change, but the magnitude of the
centerline velocity at a given axial location does not vary by sig-
nificant amounts with changing crossflow.

An analytical expression to describe the centerline axial compo-
nent of velocity can be derived based upon a laminar jet exhaust-
ing into a quiescent atmosphere. The expression is seen in Eq. (2).
Using this expression for guidance, a correlation was extracted to
provide one velocity profile for all crossflows in subsequent data
analysis. Therefore the centerline velocity may be represented by a
piecewise function. For the first 6 mm from the injection location,
the velocity is a constant determined by taking the average of all
of the maximum velocities collected for a given injection flow rate.
After 6 mm the correlation is used to represent the velocity of the
particles. This piecewise function is illustrated in Fig. 6.

Fig. 5. Average axial-component of velocity.

Fig. 6. Correlation for centerline jet velocity.

ux,CL (m/s) = [
au2

e

]
xb. (2)

The solution for a jet exhausting into a quiescent atmosphere has
an exponent, b, equal to −1. The results obtained here in a mod-
erate crossflow, show a spatial dependence ux,CL ∼ x−1.11, which is
relatively consistent with the quiescent atmosphere solution.

2.3. Particle characterization

SB99 boron particles were obtained from the SB Boron Corpo-
ration and used in all of the combustor testing during this study.
As previously mentioned, most boron particles contain some ox-
ide layer on the outside of the particles. When nanoparticles are
considered, even a small oxide layer may be a significant por-
tion of the total mass/volume of the particle. This layer not only
impedes combustion, but also essentially removes the available en-
ergy from a given particle. In order to estimate how much of the
boron particle is occupied by the oxide layer; a thermal gravimet-
ric analysis (TGA) was performed. The TGA was conducted in a
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Fig. 7. TEM image at particle injection location.

50% oxygen/50% argon environment with a heating rate of 5 ◦C per
minute. Essentially, the assumption is that the available boron un-
dergoes complete oxidation since it is in an oxygen environment.
Therefore the mass added to the sample during oxidation is exclu-
sively the result of oxygen reacting with the boron [17]. Knowing
the stoichiometric ratio and the mass gained during the test, one
can deduce the amount of active boron in the sample. From the
TGA results, the elemental boron content in the SB99 particles was
found to be 72.2% by mass.

Yang et al. suggest that the primary particle size of the SB99
particles is 62 nm [18]. In this study however, the particles tended
to be quite agglomerated. The particles were added to distilled wa-
ter to create a solution for atomization. In order to understand the
size distribution of the particles as they were injected into the
post flame region, two different measurements were made. The
first measurement, while not entirely quantitative allowed for vi-
sualization of the condition of the particles as they entered the
burner and was made by transmission electron microscopy (TEM).
The particles were collected at the end of the injection system,
as they would be when injected into the post flame region dur-
ing the actual experiment. Fig. 7 is a representative TEM image.
As was mentioned earlier, the image reveals that the particles that
were injected are in fact agglomerations of smaller primary parti-
cles. In general the agglomerations we observed through TEM were
approximately 200 nm in size.

The second measurement to understand the size distribution
utilized a commercial differential mobility analyzer (DMA) [19]
purchased from TSI Inc. This device serves to construct a size dis-
tribution in a polydisperse aerosol by electrostatically separating
particles by mobility size and then recording the concentration by
means of a condensation particle counter (CPC). This method al-
lows for a very sensitive (<1 nm resolution) online sampling of
an aerosol. The boron particles were redirected at the injection
location for sampling and Fig. 8 shows the size distribution de-
termined by the DMA. The results indicate that the mean mobility
diameter of the “particles” was approximately 200 nm. In other
words, the “particles” behaved aerodynamically as a spherical par-
ticle of 200 nm in diameter. Unfortunately, the range of the DMA
truncated the measurement to less than 500 nm. According to
Friedlander [20], aerosol size distributions often have large stan-
dard deviations caused by a long upper “tail” for particles larger
than the peak in the distribution. Such distributions can be repre-
sented approximately by the lognormal distribution function:

nd(D p) = N∞
(2π)1/2 D p lnσg

exp

[
− (ln D p − ln dpg)

2

2 ln2 σg

]
, (3)

where N∞ refers to the total concentration of particles at a given
point and time, dpg refers to the geometric mean diameter, and σg

refers to the geometric standard deviation. Equation (3) was used

Fig. 8. Size distribution determined by DMA.

to fit the data collected by the DMA and used to extrapolate the
aerosol properties during data processing. The curve fit can be seen
in Fig. 8 along with the original DMA data.

2.4. Test conditions

A mixture of methane/air/oxygen created the environment used
to study the ignition and combustion characteristics of the SB99
nanoparticles. B-type (platinum/rhodium) thermocouples were
used to measure the temperature of the flat flame burner under
steady state conditions. Measurements were made at three loca-
tions, x = 10, 30, 50 mm, from the injection source 5 mm above
the burner surface. The measurements were corrected for radia-
tion loss. The method for correction is the same as explained in
Ref. [21]. After correction, the three measurements were averaged
together for data analysis purposes. The test matrix for this study
as well as the results of the temperature measurements can be
seen in Table 1. The measured temperatures were considerably be-
low the adiabatic flame temperatures for a given condition. This
is primarily a result of significant heat loss to the water-cooled
burner. Under the conditions considered in this study, the burner
temperature was fairly insensitive to equivalence ratio; rather the
temperature was driven by fuel flow rate. A similar finding was
observed using this burner in Refs. [22,23]. The product mole frac-
tions listed in Table 1 represent the nominal values based upon
complete combustion of the fuel.

3. Results and discussion

A Cooke Dicam Pro intensified CCD camera (ICCD) with a min-
imum shutter speed of 1 ms and typical framing rates around
11 Hz was used to visualize the combustion properties of the SB99
particles. Similar to previous observations, when appropriate tem-
perature and or burner product composition requirements were
met, a two-stage combustion phenomenon was observed, which
is consistent with observations from other researchers [2,24]. Ini-
tially, as the particles were injected into the post flame region,
there was no visible phenomenon occurring. Further downstream,
a yellowish/orange region appeared for some duration and if ap-
propriate burner conditions were met, the yellowish region was
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Table 1
Test conditions.

Test
condition

Volumetric flow rates (L/min) Product mole fractions Average burner
temperature (K)O2 Air CH4 O2 H2O CO2 N2

1 16.8 30.2 5.8 0.200 0.234 0.117 0.450 1684
2 21.0 29.8 7.3 0.200 0.266 0.133 0.400 1808
3 24.8 27.5 8.7 0.200 0.300 0.150 0.350 1854
5 28.6 24.5 10.1 0.200 0.234 0.117 0.450 1637
6 23.2 30.2 5.6 0.300 0.200 0.100 0.400 1630
7 28.9 29.8 7.3 0.300 0.233 0.117 0.350 1797
8 33.2 26.8 8.8 0.300 0.267 0.133 0.300 1872
9 19.2 24.9 4.6 0.300 0.200 0.100 0.400 1578

10 14.0 26.5 5.8 0.150 0.267 0.133 0.450 1718
11 17.7 33.4 7.3 0.150 0.267 0.133 0.450 1814
13 11.0 20.7 4.5 0.150 0.267 0.134 0.449 1596
14 8.5 28.9 4.5 0.100 0.233 0.117 0.550 1614
15 11.0 28.3 5.6 0.100 0.267 0.134 0.499 1712
16 13.7 35.3 6.9 0.100 0.267 0.134 0.499 1791

followed by an abrupt change to a bright white glow region. Li and
Williams [24] concluded that the yellow region can be considered
the ignition region, or first stage of boron combustion, culminating
in complete removal of the oxide layer, while the white glow re-
gion signified full fledged combustion, or the second stage of boron
combustion.

In order to extract usable data from the observed phenomenon,
two sets of images were taken for each test condition; the first im-
age was an unfiltered image, while the second utilized a narrow-
band interference filter, centered at 546 ± 2 nm and had a full
width half maximum (FWHM) value of 10 nm. In each case 50
images were collected and averaged together for data analysis. In
addition, background images were taken, i.e. no particles flowing,
and were subtracted from the original averaged images to remove
any background emission associated with hydrocarbon combus-
tion. Typically though, no emission of any significance was de-
tected during the collection of the background images for the
camera settings that we employed. 546 nm corresponds to a band
of emission for the BO2 molecule, which is a reactive intermedi-
ary gas-phase species, formed throughout boron particle ignition
and combustion [25]. Li et al. [26] examined the two-stage com-
bustion behavior of boron particles spectrally. In this study they
describe a yellow region, which they attributed to ignition, and a
bright green region, which they’ve attributed to combustion. They
found that none of the yellow region contributed to the spectra
that they were analyzing in the green region, while they observed
broad maxima at several wavelengths with 542 nm being the
strongest. Li et al. [26] attributed the peaks of their broad max-
ima to BO2 emission. Similarly Spalding et al. [27] studied boron
suboxides during ignition and combustion through emission spec-
troscopy and verified a two stage combustion process in nitrogen
containing atmospheres. Spalding et al. [27] also found maxima at
multiple wavelengths with the strongest being near 546 nm in at-
mospheres in which no fluorine was included. This observation is
certainly in agreement with that of Li et al. [26] and verifies the
idea of a two-stage combustion process.

Fig. 9 shows an unfiltered image of the complete combustion
process, while Fig. 10 shows the filtered image where only the sec-
ond stage of combustion was observed. Fig. 11 shows a series of
processed images, as BO2 intensity contours collected for an oxy-
gen mole fraction, XO2 , of 0.3. This shows the location of stage
two combustion and as would be expected as the temperature is
increased the location shifts closer to the origin.

Although Spalding et al. [28] suggest that the BO2 spectrum is
readily observable during both the full-fledged combustion and ig-
nition stages of boron combustion, the yellow ignition region was
not observed in the filtered images. This does not necessarily sug-
gest that BO2 was not present, only that the level of emission was

Fig. 9. Unfiltered image of SB99 combustion.

Fig. 10. Filtered image of SB99 combustion.

not strong enough for the camera settings used in the testing. Fur-
thermore, as mentioned earlier Li et al. [26] did not detect any
BO2 emission at a similar wavelengths during the ignition stage.
This behavior allowed for a clear distinction between the first and
second stage of boron combustion. For data analysis purposes, the
filtered images provided the spatial location of stage two combus-
tion. The starting boundary of stage two combustion also served as
the ending boundary for stage one combustion. Finally, the unfil-
tered images gave the starting location for stage one combustion.
This was defined as the first instance that visible emission was de-
tected.

In order to verify that BO2 was being detected and not just
black body radiation, an experiment was conducted in which a
532 nm filter replaced the 546 nm filter, since there are no BO2
bands in the direct vicinity of 532 nm. Fig. 12 shows the emission
intensity contours for each filter. The integrated intensity levels
for the 546 nm filter image are typically at least 50% higher than
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Fig. 11. Sequence of processed images for XO2 = 0.3.

the image obtained with the 532 nm filter. If we consider Planck’s
Law:

Ib(λ, T ) = C1/π

λ5(exp[C2/(λT )] − 1)
, (4)

where C1 = 2πhc2
0 = 37,413 W μm4/cm2 and C2 = hc0/kB =

14,388 μm K and integrate the black body radiation intensity over
the full width half maximum value (10 nm) of the filter, we
find that the black body radiation should be about 35% higher
at 546 nm than at 532 nm for 1600 K and about 25% higher at
2000 K. Thus suggesting that the emission detected at 546 nm
must be more than just the contribution associated with black
body radiation and must be attributed to boron combustion. Fur-
thermore we can rule out the idea of black body radiation further
by inspection of the intensity profiles. There is a clear beginning
and end luminescence in the filtered images. If we were detect-
ing primarily black body radiation we would expect to continue to
see black body radiation after consumption of the boron particles
since the products of combustion are primarily condensed phase
B2O3 at these temperatures. This suggests that while black body
radiation certainly would exist in this system, between the cam-
era settings used and the effects of filtering we have minimized
its effect on what we have visualized. It should also be noted, that
we did not detect any significant emission when particles were
absent in the system at either wavelength (532 nm or 546 nm).
While hydrocarbon emission would normally be expected at these
wavelengths, with the camera settings we employed we did not
detect anything of significance. Furthermore, we conducted simi-
lar experiments with nano-aluminum and were unable to detect
anything above blackbody radiation levels. Therefore, it is reason-
able to conclude that the intensity levels detected at 546 nm with
the boron particles can be directly attributed to boron combustion
processes.

As Fig. 11 shows, the “shape” of the stage two combustion was
not consistent for differing test conditions, making the problem
two-dimensional and difficult to evaluate. As such, a technique for
evaluating the spatial boundaries needed to be developed. Thus,

Fig. 12. Intensity contours using different filters.

Fig. 13. Example of t2 burn time determination (XO2 = 0.2, T = 1808 K).

the problem was made one-dimensional by summing the columns
of the images (or the y-dimension) and then plotting the pro-
file in the x-direction. Once this was accomplished an area rule
was utilized for determining the boundaries of stage two combus-
tion. An area-based method was chosen since area based methods
provide the most unambiguous determination of burn time [29].
In this case the burning time was defined as occupying 95% of
the area of the original profile as shown in Fig. 13, where the
blue line represents the original profile, while the red line rep-
resents 95% of the total area, and therefore the burning time. The
boundary on the left side of Fig. 13 identifies the start of stage
two combustion and the end of stage one combustion. Therefore,
with spatial locations of the beginning and ending of each stage of
combustion, and the velocity measurements, the ensemble average
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Fig. 14. t1 ignition stage times.

ignition and combustion times of the SB99 particles can now be
extracted.

Fig. 14 shows the results of the stage one, or ignition stage
times, defined here as t1. Typical ignition stage times ranged from
about 6 ms to about 1.5 ms. In Fig. 14, the data shown is for the
conditions in which both stage 1 and stage 2 combustion were
completed within the post flame region. As the figure indicates,
the ignition time was relatively insensitive to oxygen mole frac-
tion under these conditions. At the lower oxygen mole fraction
conditions, XO2 � 0.15, stage two combustion was either not com-
pleted or not even achieved at the lower temperature conditions.
For XO2 = 0.1 stage 2 combustion was not achieved until temper-
atures approached 1800 K. Table 2 provides a summary of which
test conditions achieved and completed both stages of combustion.
Temperature was found to have a dramatic effect on the ignition
time, for example t1 decreases by more than a factor of 2 with an
increase of about 200 K in burner temperature. Other studies have
shown that the presence of water vapor can greatly alter the igni-
tion process of boron [2,11]. In this study oxygen mole fraction was
the primary variable investigated, and the amount of water vapor
in the burner combustion products was relatively constant. Fig. 14
also shows a comparison of ignition time measurements made by
Yeh and Kuo [5] for 2–3 μm boron particles, which shows that the
ignition times for the different particle sizes are relatively indepen-
dent of size. The most likely reason for the lack of size dependence
can be attributed to a combination of two issues, (1) particle ag-

glomeration, and (2) elemental or pure content of the particles. As
our previous measurements showed, our size distribution can be
represented by a log-normal distribution. From Eq. (3) we can ex-
tract the mass mean diameter, which is defined in Eq. (5).

dmm =
∑

ni D4
i∑

ni D3
i

. (5)

The mass mean diameter was selected as the appropriate scale
rather than the geometric mean diameter since the emission in-
tensity scales as a function of D3. Given that the aerosol follows a
log-normal distribution, the majority of the mass of the particles
will come from the upper “tail” of the distribution. More than 90%
of the particles in the distribution are less than or equal to 679 nm.
Thus we can reasonably conclude that the emission detected is
well represented by the selection of the mass mean diameter.

When comparing the ignition time data of this study to that of
Yeh and Kuo’s [5] we must take into account the elemental or pure
boron content of the particles. Since the primary particles making
up the agglomerates in this study are on the nanoscale, the oxide
shell thickness takes up a much larger fraction of the volume/mass
of the particles. This means that our 679 nm agglomerates are only
comprised of 72% by weight pure boron, which is not representa-
tive of a typical particle in that size range. For instance, SB Boron
Corporation also sells a product named SB95 which is measured
by Fisher sub-sieve sizer (FSSS) as being 700 nm in size and has
an elemental content of 95–97%. In the case of Yeh and Kuo’s [5]
data, they used particles that ranged from 2–3 μm in size and esti-
mated that the oxide layer thickness was 20 nm. This would result
in particles having about 87% by weight pure boron. If we consider
an idealized case in which the agglomerates under consideration
in this study can be represented by a single spherical particle, this
would result in an oxide layer thickness of about 34 nm, or more
than 50% thicker than that of Yeh and Kuo’s [5]. Furthermore, if
we consider the volume that the oxide layer would occupy in each
particle and then calculate the mass of each oxide layer we find
that they are of the same order of magnitude (1.1 × 10−13 grams
for our agglomerates compared to 6.1 × 10−13 grams for Yeh and
Kuo’s [5] particles). Since by definition the first stage of combus-
tion is not completed until all of the oxide layer has been removed
and the agglomerates studied here have a comparable oxide shell
to that of Yeh and Kuo’s [5], it is not surprising that the ignition
times are quite comparable as well.

Since the primary variable affecting the ignition times was tem-
perature an analytical expression to describe the ignition time was
developed based upon an energy balance. The analysis assumed
that the lumped capacitance assumption was appropriate, i.e. the
temperature of the particle was spatially uniform at any instant
during a transient process. In order to verify the validity of the

Table 2
Summary of results.

Test
condition

Product mole fractions Average burner
temperature (K)

Stage 1
reached

Stage 2
reached

Stage 2
completedO2 H2O CO2 N2

1 0.200 0.234 0.117 0.450 1684 yes yes yes
2 0.200 0.266 0.133 0.400 1808 yes yes yes
3 0.200 0.300 0.150 0.350 1854 yes yes yes
5 0.200 0.234 0.117 0.450 1637 yes yes yes
6 0.300 0.200 0.100 0.400 1630 yes yes yes
7 0.300 0.233 0.117 0.350 1797 yes yes yes
8 0.300 0.267 0.133 0.300 1872 yes yes yes
9 0.300 0.200 0.100 0.400 1578 yes yes yes

10 0.150 0.267 0.133 0.450 1718 yes yes yes
11 0.150 0.267 0.133 0.450 1814 yes yes yes
13 0.150 0.267 0.134 0.449 1596 yes yes no
14 0.100 0.233 0.117 0.550 1614 yes no no
15 0.100 0.267 0.134 0.499 1712 yes no no
16 0.100 0.267 0.134 0.499 1791 yes yes yes
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Fig. 15. Correlation for ignition time, t1.

lumped capacitance method, the Biot number, should be much less
than unity. In this case the typical Biot number was approximately
0.005, thus validating the lumped capacitance assumption.

The energy balance for the particle is given by

Ėst = Ė in − Ėout + Ėgen, (6)

where Ė refers to the rate of change of energy, and the subscripts
st, in, out, and gen refer to stored, in, out, and generated respec-
tively. In this analysis, we assume that heat release due to chemical
reaction is negligible until the point of ignition. Since the convec-
tive heat flux was typically three orders of magnitude larger than
that of the radiation heat flux, we neglected radiation terms. With
those simplifications, the energy balance reduces to only the stor-
age term and a convective term as an energy input:

Ėst = Ė in ⇒ ρp V C p
dT

dt
= h∞ As(T − T∞). (7)

The solution for which is given by Eq. (8).

t = ρp D p C p

6h∞
ln

(
T initial − T∞

Tc − T∞

)
. (8)

From this analytical solution a correlation was developed (seen in
Eq. (9)) for the ignition times for the two highest oxygen mole
fraction conditions, XO2 = 0.2, 0.3, in which the constants were
lumped together into one “time constant,” τc , and Tc is the critical
temperature to complete ignition in the burner. Fig. 15 shows the
results of the correlation. Critical temperatures were 1610 K and
1550 K for XO2 = 0.2, 0.3 respectively. We estimate the uncertainty
of the critical temperatures at ±40 K. This results in a sensitivity
of Eq. (9) less than 10% at the higher temperatures and approx-
imately 30% on the lower temperature end. These temperatures
are consistent with previously observed ignition temperatures for
larger sized boron [2,6,7,11]. Unlike nano-aluminum, which has
been shown to ignite at lower temperatures than micron-sized alu-
minum, no such phenomenon was observed here.

t1 = τc ln

(
T initial − T∞

Tc − T∞

)
. (9)

Fig. 16 shows a summary of the results for the second stage
burning times, t2, obtained in this study. On the burning time, t2,
axis (Y -axis) the error bars represent our estimate for the uncer-
tainty in the burning time. In this case this takes into account

Fig. 16. t2 burning times for SB99.

uncertainty in the piece-wise velocity profile used for the parti-
cle velocity as well as the spatial error detected in our emission
images. For example when using the 95% area rule to determine
burning time we selected ±1 pixel for spatial resolution. Therefore
the velocity profile determined the uncertainty in the particle ve-
locity and the ±1 pixel was selected as the spatial resolution. The
two combined then determined the burning time uncertainty. Typ-
ical burning times range from about 3 ms down to about 1.5 ms.
Oxygen mole fraction, XO2 , had a clear effect on the burning time
particularly at the lower range of the temperatures examined in
this study. For example the burning time at a temperature of
about 1625 K was approximately 50% longer for XO2 = 0.2 than
for XO2 = 0.3. As the temperature was increased, the effect of XO2

was less pronounced although there was still a significant differ-
ence between the two highest oxygen mole fractions, 0.2 and 0.3.
For XO2 � 0.2 there was no clear effect of oxygen mole fraction on
the second stage burning time. However, the effect of temperature
became more pronounced at low XO2 . In the case of XO2 = 0.15
at the lowest temperature condition second stage combustion was
not completed before the flow left the burner area. For XO2 = 0.1,
second stage combustion was not even reached at all except for
the highest temperature condition.

Fig. 17 shows a comparison of the t2 burning times obtained
in this study with those obtained with larger particles in other
studies [2,4,5,24]. The data collected by Macek [2,4] used parti-
cles ranging from about 30 μm to 100 μm. The data from Li and
Williams [24] came from 7 and 10 μm boron particles, while the
data from Yeh and Kuo [5] came from particles that were 2–3 μm.
Again, the data collected in this study was plotted considering its
mass mean diameter, 679 nm, which was determined by extrapo-
lating Eq. (3).

Here, a modified burning time, the product of oxygen mole
fraction and burning time (XO2t2), is plotted against particle size.
These coordinates were chosen since both kinetic and diffusion
limited reaction times are inversely proportional to XO2 , therefore
the product of XO2t2 should be approximately independent of XO2 ,
and should only be dependent on pressure and particle size [24].

From Fig. 17 it can be seen that the burning time of the largest
particles studied by Macek [2,4] are dependent on the particle di-
ameter by a factor of approximately 2, which would be consistent
with diffusion limited burning, or the D2-law. The intermediate
sized particles studied by Li and Williams [24], and Yeh and Kuo
[5] have burning times that approach the kinetic limited regime
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Fig. 17. t2 burning time comparison to larger particles.

Fig. 18. t2 Arrhenius burning rate law for SB99.

where the burning time follows a D1-law. As the size of the par-
ticles continue to decrease into the nanometer range, the parti-
cle size dependence continues to decrease, to well below unity
(tb ∼ D0.48), beyond what traditional theories have explained. The
selection of another size scale such as the count mean or the geo-
metric mean diameter only decreases the size dependence further.

In order to investigate whether or not boron nanoparticles ex-
hibit significantly different properties than micron-sized particles,
as nano-aluminum has, an Arrhenius burning rate law was ob-
tained by plotting the reciprocal of the modified burning time with
the reciprocal of burner temperature in Fig. 18. For comparison
purposes, Yeh and Kuo’s [5] data has also been plotted in the same
manner. In this case, only the data collected for XO2 = 0.2 and 0.3
have been included so that the conditions could be most compa-
rable to the Yeh and Kuo [5] data. In this range, the activation
energies between the two studies, and two very different parti-
cle sizes, are comparable considering experimental error and data

Fig. 19. t2 burning time correlation.

scatter. This is in great contrast to similar data for nano-aluminum.
For instance, Park et al. [14] found that the activation energy of
aluminum significantly decreases with decreasing particle size.

The Damköhler number analysis of Yeh and Kuo [5] suggests
that the burning of these boron nanoparticles should be kinetically
controlled. Huang et al. [30] proposed a burning time correlation
based on a kinetically controlled system in the form of equation
10 for nano-aluminum. This correlation was applied to the present
data set using the Arrhenius parameters obtained above, the re-
sults of which can be seen in Fig. 19.

t2 = aDn

XO2 A exp
(−Ea

Ru T

) . (10)

The correlation takes the activation energy determined for the
nanoparticles in this study, and ranges from the nanoparticle data
collected in this study up through the data collected by Yeh and
Kuo [5] and can be seen in Fig. 19. This correlation reduces some of
the scatter seen in the correlations developed earlier. With the Ar-
rhenius parameters included, the size dependence decreases even
further to tb ∼ D0.29. Therefore, only a small benefit in burn-
ing time was obtained when going from 2–3 μm down into the
nanometer range for boron. The nano-aluminum data correlated by
Huang et al. [30] resulted in a size dependence of approximately
tb ∼ D0.3. Similarly, Bazyn et al. [16] found a size dependence
tb ∼ D0.6 for nano-aluminum at higher pressures.

Traditional burning rate theories, i.e. diffusion or kinetic limited
schemes generally apply to a droplet, or single particle. In this case
however, agglomerates are being introduced into the post flame
region. Similarly the data correlated by Huang et al. [30], likely
suffered from agglomeration. The effects of agglomeration are not
well understood at this point. Heat transfer estimates, namely Biot
number estimates, suggest that the entire agglomerate should be
at a uniform temperature. Li and Williams [24] performed a heat
transfer analysis that suggested that as the particle size and par-
tial pressure of oxygen were decreased that boron particles might
extinguish. The data collected in this study does not indicate parti-
cle extinguishment. If particle extinguishment were occurring, we
might expect to observe shorter burn times at the lower temper-
atures, yet our data shows that the combustion time decreases
with increasing temperature which is what would be expected for
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Fig. 20. Effect of ambient temperature on particle surface temperature.

a boron particle which is being completely consumed. A similar
heat transfer analysis has been applied here. However, instead of
specifying a particle surface temperature and solving for a quench-
ing diameter as Li and Williams [24] did, here the particle surface
temperature was solved for directly by solving the energy balance
given in Eq. (11) (using Li and Williams’ notation).

Q 5ω5 = 2k(T p − T∞)

D p
+ εσ

(
T 4

p − T 4∞
)
. (11)

The term on the left hand side of Eq. (11) refers to the heat re-
leased by the surface reaction given in Eq. (12), while the terms
on the right hand side of Eq. (11) refer to the convective and ra-
diative heat transfer. ω5 is the kinetic rate constant for the surface
reaction the values of which are temperature dependent and can
be found in Ref. [24]. For the purpose of the analysis the oxygen
mole fraction was assumed to be 0.2.

2B(s) + O2(g) → B2O2. (12)

Fig. 20 shows the results of this analysis for several particle sizes.
Clearly, the calculations suggest that the particle (or agglomerate)
temperature will be very close to the ambient temperature for very
small particles, which in this case is well below the melting tem-
perature of pure boron (Tm ∼ 2340 K). As the particle size becomes
small, the heat generation cannot overcome the heat losses due to
radiation and convection, therefore the particle surface is essen-
tially limited to the ambient temperature. It is not until the particle
size approaches 1 μm that the heat generation can significantly
heat the particle above the ambient temperature. Once the particle
size approaches 2 μm, the particle surface temperature reaches the
melting temperature of pure boron. This result demonstrates a sig-
nificant difference in the burning behavior of the particles used in
this study compared to those other researchers [2–5,24] and may
help to explain the deviation from traditional theory on size de-
pendence. Although the particles under question in this study are
in agglomerated form, once the oxide shell has been removed the
remaining boron is in solid phase. Whereas, considering Yeh and
Kuo’s [5] data, once the oxide layer has been removed, the remain-
ing boron is in liquid phase. The increased particle temperature of
larger particles due to heat generation overcoming convective and
radiation losses at these lower ambient temperatures would cer-
tainly enhance both kinetic and diffusion rates. Another potential
explanation for the deviation from traditional theory on size de-
pendence is that this could be an artifact of agglomeration. Once

the agglomerate is heated up, the original oxide layer removed,
and the pure “particle” begins to oxidize, the newly formed B2O3
may begin condensing onto or very close to neighboring particles
within the agglomerate further restricting oxidation of pure mate-
rial. Essentially this creates a situation in which there may never
be a true second stage, i.e. clean boron combustion, but rather a
mixture of stage 1 and stage 2 combustion throughout the con-
sumption of the agglomerate. These two issues are the likely cause
of the observed lack of size dependence in this study.

4. Conclusion

Ignition and burning time characteristics of nano-sized boron
were studied in the post flame region of a flat flame burner. Un-
like previous studies, the particles were injected in the transverse
direction across the flame cross-section. Particle image velocimetry
measurements coupled with ICCD images allowed for measure-
ments of ensemble average ignition and burning time measure-
ments of boron nanoparticles. The particles injected into the post
flame region were agglomerates of smaller primary particles, with
mean mass diameters of 679 nm. The effect of oxygen concentra-
tion and temperature were investigated.

Under appropriate temperature and oxygen mole fraction (XO2 )
conditions a two-staged combustion phenomenon was observed
for the SB99 particles. Just after injection there was no visible
signature of combustion, however, depending on flame conditions,
a yellow/orange glow developed further downstream and was at-
tributed to the first stage of boron combustion. The first stage of
boron combustion, normally referred to as the ignition stage, is
related the removal of the oxide (B2O3) layer. Following the first
stage, a bright white glow zone was observed, and attributed to
the second stage of boron combustion. The second stage combus-
tion was considered full-fledged combustion of the “clean” pure
boron particle.

The ignition stage time of nano-boron combustion, t1, was de-
termined for a wide range of parameters, such as oxygen mole
fraction XO2 ranging from 0.1 to 0.3, and temperatures ranging
from 1580 K to 1810 K. t1 was found to be a strong function
of temperature, but relatively insensitive to oxygen mole fraction
in the ranges studied, while ranging from 1.5 ms at the highest
temperatures, to about 6 ms at the lowest temperatures. When
compared to available data from other researchers [5] employing
micron-sized particles, the ignition stage of the boron nanoparti-
cles was not substantially different from particles of approximately
2–3 μm in size. This is a result of the comparable initial oxide shell
that is created by agglomerations of nano-sized particles whose el-
emental content of pure boron is significantly lower than those of
larger particles.

Stage 2 combustion of boron nanoparticles was studied for
0.1 � XO2 � 0.3, and temperatures ranging from 1580 K to 1870 K.
At the lowest temperatures, the oxygen mole fraction played a
large role in the t2 burning time and affected the ability of the par-
ticles to achieve stage 2 combustion. For XO2 � 0.2 stage 2 com-
bustion was achieved for temperatures as low as 1578 ± 31 K. At
the lowest temperature condition, and XO2 = 0.15, stage two com-
bustion was achieved but was not completed while the particles
remained in the post flame region of the burner. For XO2 = 0.1,
and the two lowest temperatures conditions, second stage com-
bustion was not achieved while the particles were in the post
flame region. Comparison with other researchers data revealed that
the t2 burning times did not follow a diffusion limited D2-law or
a kinetic limited D1-law. Instead the t2 burning time was found
to be far less dependent on particle size than observations for
larger particles. At this point we believe that this is a result of a
significant difference in particle temperature between sub-micron-
sized particles and micron-sized particles due to heat losses by



Author's personal copy

G. Young et al. / Combustion and Flame 156 (2009) 322–333 333

convection and radiation. Below 2000 K, particles below 1 μm
are unable to generate enough heat to melt the pure material.
Whereas larger boron particles (greater than 2 μm) are able to
generate enough heat to be converted into liquid phase at temper-
atures near 2000 K. This observation may also be related to affects
of particle agglomeration, and further studies are certainly war-
ranted particularly at higher temperatures. An Arrhenius burning
rate law was obtained which showed that the measured activation
energy of the particles was consistent with other data [5] em-
ploying micron-sized particles. Similarly, the temperature range in
which ignition was obtained for the nanoparticles was consistent
with that of larger boron particles.
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