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Pyrometry measurements of clouds of high-temperature particles require an estimate of the spectral dependence

of the particle emissivity. Common assumptions for this dependence range from "� � �
�2 to "� � constant.

Depending upon the assumption used, there is uncertainty in the temperature of 100 s to a 1000 K in high-

temperature clouds. Such errors are not apparent in goodness of fit of spectral data. A heterogeneous shock tubewas

used to measure the emissivity of aluminum oxide in an inert environment as a function of temperature (2000–

3500 K), wavelength (0:55–0:95 �m), and particle diameter (50 nm–10 �m). In micro-sized alumina particles, the

spectral dependence upon temperature transitions from decreasing with wavelength to increasing with wavelength

with the dependence being roughly gray at about 3000 K. Because of local minima in the "� vs � curve, a power-law

(�n) dependence is insufficient to describe the emissivity. However, if such a dependence is assumed, n transitions

from�1:4 to 0.5 as temperature increases from 2500–3500K. Nano-sized alumina particles exhibit an even stronger

spectral dependence. At 2678 K, n is approximately �1:2 but reaches as high as 2.1 at 3052 K. Considering optical

depth issues, there is merit in gray emissivity approximations for high-temperature (�3000–3300 K) particles

typical of aluminum particle combustion.

Nomenclature

C = power-law coefficient
cn = third-order law coefficients, n� 0, 1, 2, 3
I� = spectral intensity,Wm�2 �m�1

n = power-law exponent
Qa = spectral absorption efficiency
Qs = spectral scattering efficiency
T = temperature, K
tL = optical depth
"� = spectral emissivity
� = wavelength, �m
�0 = reference wavelength, 1 �m

Subscripts

bb = Planck blackbody
cal = calibration source
exp = experimental
p = particle

I. Introduction

H IGH-TEMPERATURE particle thermometry is a common
measurement (e.g., in evaluating the effects of an additive in a

solid rocket motor engine or competing heterogeneous combustion
mechanisms of burning metal clouds). Pyrometry is a nonintrusive
optical measurement of condensed-phase temperature that can also
be used to provide an indication of gas temperatures when atomic or
molecular emission methods fail. All condensed-phase temperature
measurements from spectral intensity require an assumption of the
emissivity of particles or its spectral dependence. For example, in

multicolor pyrometry, the continuum emission intensity in two or
morewavelength regions (typically in the visible-to-near IR) arefit to
a temperature [1]. However, an assumption needs to be made about
the relative emissivity at the measured wavelengths of the particles.
This effect is particularly important when thewavelengths of interest
are separated by hundreds of nanometers, which is typically
necessary to avoid local spectral biases and molecular interferences.

Common assumptions of the spectral dependence of alumina upon
emissivity range from linear [2] to gray [3] to a�n dependence, where
n is commonly�1 or�2 [4,5]. However, when fitting the intensities
from different wavelengths to a temperature, as is done in Fig. 1 for
10 �m aluminum powder burning in air, the emissivity spectral
dependence choice can lead to differences of hundreds, or even
thousands, of degrees Kelvin in calculated temperature, which can
lead to drastically different interpretation of combustion phenomena.
The temperature is calculated by measuring the slope of the line
formed by ln �I��5="�� vs 1=�. For example, in Fig. 1, three choices
are presented for the emissivity: "� � ��2, "� � ��1, and "� � 1.
Even taken over a considerablewavelength range (�0:25 �m), these
curves appear as lines, and no goodness-of-fit metric will allow the
selection of the proper emissivity function. In Fig. 1, the R2 value
differs only by one part in 100,000, whereas the temperature mea-
surement differs between 2792 and 3794 K.

Alumina was chosen for this study because of the prevalence of
temperature measurements of reacting aluminum particles [6] in
applications such as solid rocketmotors. All aluminum is coatedwith
an aluminum-oxide layer and condensed-phase alumina, which
accumulates on a burning particle’s surface and is the product of
aluminum’s reaction with O2, CO2, and H2O. Recent results with
similar conditions for larger particles (100–400 �m) show that the
alumina cap on the aluminum surface dominates the emission from
the particle. Furthermore, the oxide-smoke envelope around the
flame zone accounts for another 5% of the intensity [7]. Because of
this dominance of alumina emission during aluminum combustion,
the properties of alumina are necessary to make temperature mea-
surements. In previous measurements of alumina smoke in propel-
lantflames, somevariation in emissivitywas observed that was likely
due to trace metals, as well as sources other than alumina [8]. To
isolate the effect of alumina, we use high-purity aluminum-oxide
particles and conduct our experiments in argon. The inert particles
also allow control of particle temperature by varying ambient con-
ditions because no reaction is occurring, and thus the particle
temperature quickly equilibrates to the ambient temperature.
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Although an abundance of research exists as to the emissivity of
slabs and other surfaces, including that of aluminum and alumina,
and these are readily tabulated [9], the information on high-
temperature particle emissivity necessary for temperature measure-
ments is incomplete.

Good calculations [10] and data [8,11,12] are available for either
limited wavelengths or longer wavelengths, typically 2–20 �m.
However, measurements in the visible to n-IR (less than 1 �m) are
needed because the high temperatures give high signals in the visible
regions and these measurements are easier to make because of the
availability of sensitive silicon or photomultiplier-based detectors in
this spectral range. Additionally, data [13] are available for larger
particles and lower temperatures, including where alumina is solid
(less than 2300 K). Larger particles (1 mm, for instance) behave
much closer to slabs or films than to particles. Smaller particles
(smaller than class 10 �m) have full Mie scattering effects [5,14,15]
that add complexity to their emissivity. Plass [16] has calculated the
absorption dependence for particle sizes 100 nm–10 mm but with
temperatures less than 2300 K. Additionally, the Plass data set, as
discussed in [17], was most uncertain in the visible portion of the
spectrum. A phase transition from solid to liquid results in an
increase in overall emissivity, but the dependencies on temperature
and wavelength at combustion temperatures (�2500–3500 K) are
unclear.

II. Experimental Methods

The heterogeneous shock-tube facility at the University of Illinois
generates a high-temperature, high-pressure controlled environment
ideal for making measurements in combustion conditions. The
driven section (the test section) is 8 m long and 8.9 cm internal
diameter. Other relevant dimensions and descriptions of this facility
can be found in previous publications [2,18,19]. Through the
pressure ratio of the driver and driven sections, a strength-selectable
shock can produce a controlled combustion environment for approx-
imately 2 ms in this shock tube. Various compositions of test gases
can be used. Temperatures exceeding 4000 K and pressures up to
30 atm are achievable.

Figure 2 shows the experimental setup and diagnostics used in this
experiment. Approximately 1 mg of particles were injected into the
shock tube from a port 0.68 m from the endwall approximately 1 s
before the rupture of the double-diaphragm section. Nano particles
may be suspended for minutes, whereas larger particles may very
quickly descend to the bottom of the shock tube within a second or
two. The cloud of particles was accelerated toward the endwall in the
gas behind the incident shock wave. The gas behind the reflected
shock stagnated the particles in front of the diagnostic equipment

and heated the particles to a controlled temperature where they
emitted.

A cloud of suspended particles is needed in order to properly
account for particle motion during the event and ensure that the
diagnostics are properly focused. The injector used, which is
diagrammed in Fig. 3, is similar to that of Parker et al. [20]. Upon
injection, a piston drives test gas though an insert loadedwith powder
into the shock tube. Brown [21] took high-speed images of the
powder injection and redesigned the injector insert in order to
maximize the suspension time of the cloud and the uniformity of the
cloud throughout the cross section of the shock tube. A custom eight-
hole (500 �m hole diameter) brass tip with a 8–32 insert set screw
with a 500 �m hole drilled through it was used. The brass injector tip
canhold1–3mgofpowder.The insert set screw threads into the eight-
hole brass tip but leaves a gap so that as the test gas is pushed through
the insert set screw hole: the powder is entrained and passes through
the eight-hole tip. The tip is encased in the larger insert body. At the
exit of the tip, thepowder passes through twofinemesheswith60 �m
spacing to further disperse the cloud and break up agglomerates.

Two different size distributions of alumina were studied. Both
were purchased from Alfa Aesar and have purities greater than
99.5%. These powders were not treated before being loaded into our
injector. Thefirst size distribution,micro alumina, had particles in the
0:9–2:2 �m range. The second powder, nano alumina, had a size
distribution between 40–50 nm and specific surface area between
32–40 m2=g. Figure 4 shows a scanning electron micrograph of the
micro-alumina powder. These alumina particles were not uniformly
spherical. Specifically, in the micro-alumina sample, there were
some high-aspect-ratio particles and fibrous particles. The size
distribution of the micro-alumina distribution is shown in Fig. 5. The
number average was 1:56 �m, but the presence of a few larger

Fig. 1 The consequences of three different emissivity spectral dependence assumptions on temperature measurements for 10 �m Al powder burning

in air.

Fig. 2 Schematic of heterogeneous shock tube and diagnostics.
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particles skewed the surface area average to 2:89 �m. We were
unable to measure a size distribution of the nano alumina in-house
because nano-alumina particles were unsuitable for scanning elec-
tronmicrograph (SEM). From previous studies with nano-aluminum
powders [2,22], the nano-alumina powders should bemore spherical,
moderately agglomerated, and with a comparatively broad-size
distribution.

Figure 4 also shows the tendency of alumina to agglomerate [23].
The larger agglomerates should have broken up during injection into

the tube. Further, there is evidence that small particles become less
agglomerated after the passing of the incident and reflected shocks
[24,25]. In those studies, the breakup of agglomerates behind the
incident shock was sufficient to counteract any sintering that may
have happened in the higher-temperature gas. Finally, large agglom-
erates are accelerated less gradually in the stagnant gas behind the
reflected shock.Our diagnosticswere focused at a location calculated
by our trajectory modeling of individual particles. Larger agglom-
erates are stopped either closer to the endwall than our diagnostics or

Fig. 3 Schematic of injection system.

Fig. 4 SEM of micro alumina. Fig. 5 Size distribution of micro alumina.
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deposit on the endwall. In either situation, they would not have
contributed significantly because of our spatial filtering.

A f=8 lens system collected the light from the emitting particles
and passed it through aTriax 190mmspectrometerwith a 300 g=mm
grating before being collected by aHamamatsu back-thinned charge-
coupled device (CCD) array. The optical train contained a 0:515 �m
long-pass filter to eliminate order overlap, a Uniblitz shutter to con-
trol the exposure time, and a pinhole spatial filter to reject light away
from the centerline of the shock tube. The shutter timer was changed
under each temperature condition such that the intensity on each
pixel of the CCD array was at least 10,000 counts (typically
�30; 000) without saturating. The shutter was always closed by the
end of the shock-tube test time. When necessary, neutral density fil-
ters were used to attenuate the signal when time resolution could not.

The spectral region of interest was between 0.55 and 0:95 �m.
This region avoids molecular interferences of AlO at wavelengths
lower than 0:54 �m while extending into the near IR. If molecular
interferences are avoided, this region is suitable for making
temperature measurements using pyrometry. To preserve dynamic
range across the entire region, aRoscoluxApricotR68963 colorfilter
was used to attenuate the signal at the blue end of the spectrum.

Intensity calibrations were taken with every change in condition.
Intensity calibrations were carefully matched to exact experimental
conditions. The primary intensity source was a 1273 K National
Institute of Standards and Technology (NIST) traceable blackbody
generator. This source provided ample signal for wavelengths larger
than 0:7 �m. However, the intensity of the blackbody source was
insufficient below 0:7 �m. To extend the range of this calibration, an
Oriel tungsten lamp with nominal color temperature of 3200 K was
used. The lamp was calibrated to a blackbody temperature using the
spectral region between 0:7–0:95 �m using the NIST blackbody
generator, and then this signal was used to generate an intensity
calibration for wavelengths lower than 0:7 �m, where the signal
level was ample, as shown in Fig. 6.

These particles were tested in 100% Ar, approximately 10 atm
reflected shock pressure, and reflected shock temperatures starting at
2400K and increasing up to 3500K. This procedurewas repeated for
micro-alumina as well as nano-alumina samples, twice for each
condition.

The emissivity of the particle at a given temperaturewas calculated
using

"��T� �
I�;exp

I�;bb�Tp�
I�;bb�Tcal�
I�;cal

(1)

The emissivity calculation shows the proportionality of emissivity
along wavelengths at a given temperature. The proportionality
constant could not be calculated with this experiment because the
absolute intensity (both of the experiment and the calibration) was
not measured.

While the wavelength dependence on emissivity was measured,
the absolute emissivity levels were estimated from an optically thin,

full Mie scattering model [14,15] that accounts for the temperature
dependence upon the optical constants [7,12], as well as the size
distribution [26], albeit with spherical particles. Poleatev and Florko
[12] had experimental data for the absorption index of the complex
index of refraction at temperatures up to 3150 K. We extrapolated
their values to higher temperatures (up to 3500 K) by using
Shigapov’sfit [27] for the scale and assumed the same spectral profile
as Poleatev and Florko’s 3150 K data [12].

In this processing, "� was taken as equal toQa [28,29], which we
based on comparison to a least-squares fit over 0:55–0:9 �m. These
absolute emissivity levels increase toward unity near 3500 K, which
is an expected trend.We also attempted to calculate emissivity based
on "� � 2:31�Qa=Qs�0:5 [30,31] because the scattering coefficient
was so much larger than the absorption coefficient, however, the fits
were even poorer because the assumption of a semi-infinite medium
was invalid.

The amount of powder injected into the shock tube was about
1 mg, and previous results have shown that only a fraction of this
powder is distributed over at least 10 cm in the test section after the
reflected shock (the rest, initially wall bound, remained outside of the
test section during the reflected shock period). If particles were
distributed uniformly throughout this volume, therewould have been
about 75 particle diameters of spacing between particles. For the
micro alumina, in the collection volume of the f=8 optics, there
would have been approximately 10,000 particles, whereas there may
have been as many as a billion nano-alumina particles. Any agglom-
eration even after the breakup behind the incident shock, may have
significantly reduced these numbers. These numbers suggest the
cloud of nano alumina was optically thicker than the cloud of micro-
alumina particles, perhaps significantly.

We have, however, tested the extinction through a similar density
of particles (approximately 1 billion in the same collection volume).
We measured less than 5% extinction of light through that cloud,
which suggests that clouds of particles in these configurations are
optically thin. The assumption of uniform distribution of particles in
the cloud is somewhat naive, as many particles are concentrated near
the cloud front and are lost to the endwall.

Low optical depth is important to ensure that the intensity mea-
surements are almost solely from emission of the particles, not from
scattering or with a significant absorbed quantity, which would
confound thewavelength dependence of emissivity. As optical depth
increases, intensity measurements tend to approach gray depend-
encies as multiple scattering and absorption make a region increas-
ingly resemble an isothermal cavity [5].

With such a high spacing of the particles, the heat capacity of the
environment was about 150 times that of the particles, meaning that
the particles heat up or the emission effect on the gas was well within
the temperature uncertainty (25 K) from the reflected shock calcu-
lation. This effect was even smaller because the particles moved
throughout the gas as they were heated. For this reason, the ambient
temperaturewas the reflected shock temperature and was assumed to
be unaffected by the low mass fraction of particles present.

The temperature of the particles, Tp, was set slightly less than that
of the gas behind the reflected shock by a few degrees. A balancewas
calculated between the radiative loss of the particles (total emissivity
was initially assumed at 0.3) and heat added to the particles from
convection and conduction. The particles’ velocity and temperature
history was calculated by our trajectory modeling program [2], and
the conditions behind the incident and reflected shock were
calculated using Gaseq [32] from the measured shock velocity. The
maximum temperature difference between the particles and ambient
conditions was only 30 K, and the difference was more dependent
upon ambient conditions than it was on the assumed emissivity.

The particle heat-up-time characteristic of the micro-alumina
powder was 50 �s in raising the particle temperature from the
incident shock ambient temperature to the reflected shock ambient
temperature. This time was at most 4% of the integration time on the
CCD array; however, because the intensity is proportional to T4, it
accounted for less than 2% of the integrated intensity and was within
the shot noise. The heat-up-time characteristic of the nano powder
was much smaller.Fig. 6 A typical intensity calibration.
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III. Results and Discussion

Figure 7 shows the spectral dependence of emissivity of the
intensity calibrated emission from 2 �mAl2O3 in 100% Ar at about
3000 K. The emissivity is normalized to the value at 0:95 �m. Two
conditions are shown. The first is 2985 K and the second is 3033 K.
The broadband signals at these temperatures, when normalized,
overlap to a great extent, showing very high repeatability. This
repeatabilitywas typical of the other conditions. At about 3000K, the
emissivity is roughly constant (i.e., gray) across wavelengths, but
does increase at the shorter wavelengths.

Common molecular interferences of sodium and potassium are
present for this and other conditions. These bands are ignored in the
further analysis. There are, however, large regions in the spectra
without interferences that are appropriate for taking pyrometry
measurements. Once the atomic and molecular interference bands
are removed from the emissivity calculation of Eq. (1), the resulting
emissivity is subjected to 20-pixel (7 nm) smoothing. This
smoothing does not affect the shape of the emissivity across the
spectra, but it does reduce an experimental artifact of etaloning from
the CCD array, which was prevalent at wavelengths larger than
0:7 �m. The effect wasminimal, however, as the counts at each pixel
differed by less than 2% of the value generated by the 20-pixel
smoothing.

A. Micro Alumina

Figure 8 shows the emissivity of micro-alumina particles with
respect to wavelength for temperatures between 2500 and 3500 K.
The emissivity decreases with wavelength for temperatures below
2720 K, which is an expected and commonly assumed result. Near
3000K, however, there is a slight decrease until about 0:77 �m, after
which there is a slight increase. Overall, however, the emissivity is
quite level. At higher temperatures, there is again the decrease to a

local minimum. However, the local minimum occurs at lower
wavelengths, about 0:65 �m for both 3360 and 3500 K. At these
temperatures, however, the increase of emissivity with wavelength at
higher wavelengths is not negligible.

The emissivity of the micro alumina with temperature has been fit
to both a third-order function of wavelength and a simple power law.
A third-order equationwas necessary tomaintain the curvature of the
emissivity throughout the wavelength region of interest for all
temperatures. The emissivity is given by

"��T� � c0 � c1
�
�

�0

�
� c2

�
�

�0

�
2

� c3
�
�

�0

�
3

(2)

where � is the wavelength in micrometers, �0 � 1 �m, and cn are
coefficients presented in Table 1. The third-order fitting was
sufficient to maintain a fit of R2 > 0:98. This fit is plotted along with
the experimental data in Fig. 8.

We make a strong caution when using the third-order fit for
emissivity to not extrapolate the wavelength dependence very far
outside of the region of 0.55 to 0:95 �m because the polynomial fit
necessarily has local extrema outside the region of interest. Within
the region of interest, however, local minima were experimentally
observed.

Additionally, the experimental emissivity measurement was also
fit to a power of wavelength, using

"��T� � C
�
�

�0

�
n�T�

(3)

with coefficients given in Table 2. This fit is plotted in Fig. 9. The
reason this fit was employed was because it is very easy to measure

Fig. 7 Spectral dependence of emissivity for micro alumina near

3000 K.

Fig. 8 Temperature dependence of emissivity (dashed lines) for micro

alumina as well as a third-order polynomial fit to the data (solid lines).

Fig. 9 Temperature dependence of emissivity (dashed lines) for micro

alumina along with a power-law fit to the data in solid lines.

Table 1 Emissivity wavelength dependence

for micro alumina with temperature.

Temperature, K c0 c1 c2 c3 R2

2468 1.95 �6:26 7.12 �2:73 0.99
2720 3.48 �11:3 13.0 �5:02 0.99
3000 6.07 �18:9 21.9 �8:28 0.99
3360 1.89 �3:72 3.50 �0:66 0.98
3500 5.75 �19:3 24.2 �9:60 0.99

Table 2 Emissivity wavelength dependence

for micro alumina with temperature.

Temperature, K C n R2

2468 0.082 �1:37 0.94
2720 0.194 �0:87 0.84
3000 0.677 �0:26 0.41
3360 0.911 0.34 0.76
3500 0.996 0.49 0.77
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temperature as described in the introduction by the slope of ln �I�5�n�
plotted against 1=�. Additionally, a simple power-law fit gives the
essential information on the strength and slope of the wavelength
dependence. Depending upon the wavelength regions used in a
pyrometricmeasurement, for example, thismay be sufficient detail to
make an improved temperature measurement.

With the possible exception of the lowest-temperature data at
2468 K, the dependence of emissivity on wavelength is more
complex and is not well described by a simple �n law. The fits,
although they show the broad trend, do notmatch the detail verywell,
and for the high-temperature data, miss the local minima completely.
Indeed, theR2measure of goodness-of-fit ranges fromas lowas 0.4 to
as high as 0.94, as shown inTable 2. Still, reporting thenvalue has the
added benefit of providing an indication as to the quality of the
assumptions used in making temperature measurements. Emissivity
dependences varying like ��2 or ��1 are seemingly appropriate for
low-temperature measurements, where the temperature is right
beyond the melting temperature of alumina. However, at
temperatures near 3000 K, a graybody assumption is seemingly
appropriate, whereas up to 3500 K, a �1=2 or � dependence is
seemingly appropriate.

The complex emissivity temperature dependence is caused by the
strong temperature dependence in the complex index of refraction of
alumina [8,33]. Poletaev and Florko [12] saw a four-orders-of-
magnitude difference between the imaginary (absorptive) compo-
nent of the refractive index between 2300 and 3000 K. Further,
although limited pointswere used in thevisible spectrum, the trend of
absorptive index shifted from decreasing with wavelength to
increasingwithwavelength in the range of 2900–3000Kbetween 0.5
and 1 �m.

B. Nano Alumina

The emissivity of nano alumina was also tested to compare size
effects. The micro-alumina powder is larger but on the order of the
wavelength (�1 �m). The nano-alumina powder (�50 nm),
however, is less than one-tenth the wavelength of light, therefore
the scattering regime should be different [14]. These results are
shown in Fig. 10. Both the third-order fit for emissivity [Eq. (2)] and
the power-law fit for emissivity [Eq. (3)] were calculated, and the
proper coefficients are displayed in Tables 3 and 4, respectively.
However, only the power-law fit is shown in Fig. 10. The fit for the
third-order polynomial has a goodness-of-fit R2 at 0.99 and again
very closely resembles the experimental data.

At lower temperatures, the emissivity decreases with wavelength,
whereas at higher temperatures, it increases with wavelength. The
dependencies and transition, however, appear to be sharper than for
micro alumina. The power-lawdependence increases from n��1:2
at 2678 K to n� 2:1 at 3052 K. In comparison, micro alumina at
similar temperatures had n��0:9 and �0:3, respectively.

Additionally, the signals from the nano alumina were much less
intense than for the micro-alumina samples at the same temperature
and the emissivity calculated using the absolute emissivity model

resided at a much lower overall level than for micro alumina.
However, this prediction came from a region of the model, highest
temperature and smallest particles, that contained the largest amount
of extrapolated data, and therefore, although the relative emissivity
dependence was fairly precise, the absolute emissivity had
significant uncertainty. The absolute emissivity trends match those
seen by Harrison and Brewster [33].

Finally, the optical depth of the nano-alumina clouds was greater
than that of the micro-alumina clouds. Although similar
configurations we have measured suggest that the nano-alumina
cloud that we have measured was still optically thin, any scattering
component would describe the strong wavelength dependence seen
in higher temperatures. As particle size is approximately one-tenth
the wavelength of light, Rayleigh scattering (���4) would more
strongly scatter the shorter wavelength light and allow the longer
wavelength light to reach the detector [15]. Additionally, as particle
size decreases, particle morphology effects should become more
important, including crystallinity. This could also explain differences
seen between micro and nano alumina [34,35].

C. Application to Particle Temperature Measurements

Based on the experimental measurements of emissivity, we
simulated the error associated with using the gray particle
assumption. To do this, we assumed a 1-D homogeneous medium (a
slab) of a certain optical depth and temperature. Thismedium emitted
and interacted according to its measured emissivity. The expected
result was a transfer function determined by measuring the spectral
intensity beyond the interacting medium [5]:

I� � I�;bb�T��1 � exp��tL�� (4)

where tL is the optical depth of the slab of homogeneous emitting
particles, which is proportional to "�. The limits for optical depth
reduce to

lim
tL!0

I� � I�;bb�T�tL (5)

lim
tL!1

I� � I�;bb�T� (6)

This spectral intensity I� is then fit to a blackbody intensity at a
specified temperature. The results of this simulation for micro-sized
particles are shown in Fig. 11. The error in temperature calculated
when assuming gray emissivity decreases with optical depth, as well
as remaining low in the region of 3000–3300 K. Above 3300 K in
optically thin conditions, the temperature is underpredicted by as
high as 10%, whereas the temperature may be overpredicted by as
much as 20% at 2500 K.

This result is fortuitous for two reasons: 3000–3300 K is a typical
peak combustion temperature of particles in this size rangemeasured
both with pyrometric measurements [6] and measurements of the

Fig. 10 Temperature dependence of emissivity (dashed lines) for nano

alumina along with a power-law fit to the data in solid lines.

Table 3 Emissivity wavelength dependence

for nano alumina with temperature.

Temperature, K c0 c1 c2 c3 R2

2678 0.0235 �0:0771 0.0871 �0:0327 0.99
2824 0.0422 �0:1472 0.1758 �0:0698 0.99
3052 0.0813 �0:2866 0.3359 �0:114 0.99

Table 4 Emissivity wavelength dependence

for nano alumina with temperature.

Temperature, K C n R2

2678 0.0007 �1:19 0.79
2824 0.0009 �1:41 0.80
3052 0.0144 2.07 0.91
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temperature of a gas-phase combustion intermediate (AlO) thought
to be very close to that of the particle [36]. Other results for larger
particles (�100 �m) showed peak temperatures in this range as
well [3,37]. Furthermore, many applications of pyrometric particle
temperature measurements, such as aluminum combustion in a
propellant or a fireball, are made in conditions that are often optically
thick.

Some of the limitations of this analysis are optical depth, presence
of other emitters besides alumina, and size distribution. Optical depth
is a significant limitation in measurements, and careful consideration
of optical depth must be taken in temperature measurement appli-
cations. If measurements are made in optically thick particle clouds
of inhomogeneous temperature, such as a propellant or a fireball,
then themeasured temperaturewill only be representative of the edge
of the cloud and not of the core.

Although the emissivity is very high in this high-temperature
region, a strong scattering component may change these results
slightly. Additionally, although reacting aluminum particles are
dominated by alumina emission, the presence of aluminum having a
different emissivity spectral dependence will slightly alter the mean
emissivity of a collection of particles. Finally, as has been described,
the particle diameter has an effect on the emissivity dependence;
therefore, the size distribution should be understood when making
temperature measurements. For example, although the difference in
measured temperature for micro- and nano-alumina particles would
be less than 50 K at temperatures of about 2500 K, it may be as much
as 1000 K at about 3000 K. The effects of agglomeration and the
alumina-smoke cloud in particles where aluminum is burning
suggest that the particles should be assumed larger rather than
smaller should there be ambiguity in the size distribution.

As particle size increases, the gray assumption appears to give
reasonable temperatures [3,36] and effects that cause deviations from
gray-particle behavior appear negligible. Particularly, in the work by
Dreizin [3], while using the gray-particle assumption, the temper-
ature steadied at the melting temperature of the aluminum oxide after
the high-temperature region, which is reasonable. In our work with
10 �m particles in the shock tube [6], also assuming gray particles,
after the peak was reached during the reaction, the particle temper-
ature decayed to the expected elevated ambient temperature within
the test time. The ambient temperature and the latter particle
temperature showed good agreement.

IV. Conclusions

An experimental study of the emissivity of micro- and nano-
alumina particles was conducted in a shock tube for temperatures

between 2500 and 3500K in thewavelength region between 0.55 and
0:95 �m:

1) In micro-sized alumina particles, the spectral dependence with
increasing temperature transitions from decreasing with wavelength
to increasing with wavelength, with the dependence being roughly
gray at about 3000 K.

2) Although a power-law �n dependence for emissivity is
insufficient to describe the emissivity in this region, n transitions
roughly from �1:4 to 0.5 as temperature increases from 2500 to
3500 K.

3) In nano-sized alumina particles, the spectral dependence is
stronger than for the micro-sized particles, and although n is
approximately �1:2 at 2678 K, it reaches as high as 2.1 at 3052 K.

4) A gray-particle emissivity assumption has merit for micro- and
larger-size particles at combustion temperatures (3000–3300 K),
especially considering optical depth effects in measurements.
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