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This work demonstrates a laser absorption diagnostic capable of measuring the temperature and
column density of aluminum monoxide (AlO) at 100 kHz. This diagnostic was fielded in Sandia’s
High-Temperature Shock Tube (HST) facility, which generated high pressure and temperature en-
vironments behind a reflected shock to combust 10-micron diameter aluminum particles. The ab-
sorption technique utilized a near infrared microelectromechanical system tunable vertical cavity
surface emitting laser (MEMS-VCSEL) capable of sweeping 7,400 − 7,900cm−1 and probing the
rotationally resolved spectra of the ALO A2Πi − X2Σ+ transition and atomic aluminum transi-
tions at 7,618cm−1 and 7,602cm−1. The diagnostic was evaluated at conditions with tempera-
tures and pressures in the range 3200 − 4700 K and 9 − 64 Bar. Absorption measurements agree
with temperatures estimated from fitted AlO emission spectra for the optically thin case examined.
For the high temperature and pressure cases (T > 4000 K, P > 60Bar) the absorption matched the
reflected shock temperatures estimated by NASA CEA. These results indicate the laser absorption di-
agnostic can measure the temperature and column density of AlO in high pressure and temperature
environments of high optical thickness where emission spectroscopy may be limited and experimental
measurements of aluminum particle combustion remains scarce.

I. Introduction
Metals such as aluminum are often added to propellants to enhance combustion performance in solid rocket motors

[1], pulse detonation engines [2], and scramjet systems [3]. As such, a multitude of research has been conducted on
aluminum combustion. For instance, it is known that particles in quasi-static environments having diameters >∼ 20
µm burn in a diffusion-limited regime, whereas smaller particles (< 10 µm) tend to burn in a transitional regime
approaching kinetics-limited combustion [4].

Despite recent progress, gaps in the understanding of particle combustion characteristics at relevant propulsion
system conditions remain. As discussed by Glumac et al. [1], the effects of high temperature and pressure may
significantly alter combustion behavior and are not well understood. For example, the boiling point of metal and metal
oxides increases with pressure. If the boiling point of the particle exceeds the adiabatic flame temperature, a diffusion
flame will not be possible. On the other hand, elevated gas temperatures introduce a contrasting effect. The boiling
point of aluminum decreases with temperature due to diffusion of oxygen into molten metal [5]. These potentially
competing effects make it difficult to elucidate particle combustion behavior at elevated pressure with simultaneous
high temperature. To remedy this, an experimental effort using a free-piston shock tube at Sandia National Laboratories
is underway to characterize aluminum combustion at elevated temperatures (> 3000 K) and pressures (> 30 bar),
where data and viable optical diagnostics remain scarce.

Typically researchers study aluminum combustion using emission spectroscopy to probe the AlO B2Σ+ −X2Σ+

spectrum, which has a large cross section and is easily accessibly at visible wavelengths. For instance, Ruesch et al.
[6] fitted this AlO emission transition for temperature to characterize combustion mechanisms in propellant flames.
Lynch et al. [4] used emission to estimate burn times. The authors found the burn time of 3-10 µm particles did not
have the strong temperature dependence that is typically observed with nano-sized particles, indicating that the small
micron particles studied burn in a transition regime. Using AlO emission data for a range of pressures, temperatures,
and oxidizers, the authors generated a burn time correlation for particles in this transition regime. Importantly, these
types of correlations have great value to modelers and extend their ability to predict the combustion rates of particles
over a range of diameters.
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While extremely useful, quantitative emission spectroscopy measurements have several drawbacks. In combustion
environments, light is scattered by condensed phase species and will contaminate emission measurements with infor-
mation outside of the measurement collection volume. For example, Goroshin et al. [7] attempted to study the thermal
structure of an aluminum Bunsen flame using emission spectroscopy. The authors determined the measurements were
unreliable as local emission spectra were contaminated from different areas in the flame due to light scattering from
particles. Similar light scattering effects were also seen in the emission measurements of Soo et al. [8].

Emission spectroscopy can be complemented by using absorption spectroscopy, which provides an integrated mea-
sure of absorption across the path length and is not subject to the scattering effects that plague emission measurements.
Further, with an appropriate model, laser absorption measurements can be fit to yield the temperature and the number
density of the absorbing molecule. A prominent example of AlO absorption spectroscopy is Glumac et al. [1], who
coupled absorption and emission measurements of the B2Σ+ −X2Σ+ transition to probe the AlO gas phase temper-
ature of 10-µm particles burning in CO2 at elevated pressure. The authors found fits of both absorption and emission
spectra yielded similar temperatures that were well below the adiabatic flame temperature and the boiling temperature
of alumina (Al2O3). The results from each of these measurements made a strong argument that the particles studied
were burning in a kinetic limited combustion regime.

Soo et al. [8] used spatially resolved absorption and emission of atomic aluminum transitions to examine the
combustion regime of 2.5-µm particles burning in a flat flame. The authors examined particles burning in stochiometric
aluminum-air and methane-air flames. In the case of the air flame, the authors found strong self-reversal of the atomic
lines, which indicated high concentrations of aluminum vapor and suggested the particles were burning in a diffusion
limited regime. In contrast there was no indication of self-reversal in atomic aluminum transitions for the methane-air
flame, suggesting a much smaller amount of aluminum vapor and kinetic limited combustion.

With the notable exception of Glumac et al. [1], almost all absorption spectroscopy measurements of Al or AlO
vapor are qualitative [8–11], and primarily use absorption measurements to indicate the presence of vapor phase
constituents. This indicates the need for a robust laser absorption measurement that can be used to extract quantitative
information from these important aluminum combustion species.

The current study demonstrates the new application of a MEMS-VCSEL absorption diagnostic [12] that is capable
of measuring AlO temperature and number density at a 100 kHz repetition rate. Measurements are made of 10-
µm aluminum particles combusting in a free-piston shock tube. This study aims to demonstrate the use of the laser
absorption diagnostic in high-temperature and pressure environments where gaps in the understanding of particle
combustion still exist to enable future physics focused studies.

The remainder of this study is organized as follows: in section II, the shock tube facility and the measurement tech-
niques are described in detail. Section III examines absorbance spectrograms and compares fitted temperatures from
absorption and emission spectroscopy to the reflected shock temperature estimated by NASA Chemical Equilibrium
with Applications (CEA) code [13]. The results are summarized in Section IV.

II. Experimental Methods
A. High Temperature Shock Tube Facility
The high-temperature shock tube (HST) is a free-piston driven shock tube at Sandia National labs. A shock wave
is created by rupturing a diaphragm separating a driven and driver section at different pressures. The HST utilizes
isentropic compression to simultaneously pressurize and heat the driver gas, allowing much stronger shock waves to
be created compared to traditional shock tubes. The facility is described in more detail in Lynch et al. [14].

The pressure in the driven section is monitored using fast response PCB pressure sensors (113B112). Sensors
are provided an excitation voltage and amplified using a PCB model 483C signal conditioner. These voltages are
then low-pass filtered using a Krohn-Hite Model 3384 with a four-pole butterworth filter with cutoff frequency of 500
kHz. Data is recorded by an acquisition chassis equipped with a NI PXIe-6376 module that digitizes the signals at a
sampling frequency of 2 MHz before being recorded on a personal computer via an in-house LabView code.

Three different cases with varied reflected shock pressures and temperatures were examined. The incident shock
Mach number Ms and post-incident and reflected shock conditions of these case are presented in Table 1. Here P2,
T2 are the post-incident pressure and temperature and P5, T5 are the post-reflected pressure and temperature. To
generate these conditions a steel diaphragm is burst using various helium-argon mixtures as the driver gas and ambient
temperature air as the driven gas.

Post-shock conditions are calculated using the measured incident shock speed as determined by shock crossing
times given by the PCB sensors and the initial driven conditions. These values are used as inputs into standard
shock tube relations [15] that include real gas effects and are calculated using the NASA Chemical Equilibrium with
Applications (CEA) code [13] under the assumption of thermochemical equilibrium following both the incident and
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Table 1. Flow Conditions

Case Ms us p2 T2 p5 T5
(m/s) (Bar) (K) (Bar) (K)

1 5.6 1940 1.2 1890 9.2 3210
2 8.2 2810 1.2 3050 11.2 4690
3 6.7 2310 8.0 2450 63.8 4060

reflected shocks. The uncertainty in shock speed, and therefore the post-shock conditions, is determined by applying
a uniformly-distributed random uncertainty to the sensor cross time, the bounds of which are defined by the sensor
diameter. Variations in shock crossing time for these cases are ∼2%.

Aluminum powder with a nominal diameter of 10µm was loaded into the shock tube using a 0.5 mm diameter,
stainless steel rod placed along the same axis as the emission and absorption and offset by 0.2” from the laser path as
shown in Fig. 1.

Figure 1. (a) Side view of shock tube test section showing emission collection optics and optical and electrical signal configuration for the
laser absorption. (b) Top view of shock tube showing schlieren and color camera fields of view.

B. Flow Visualization
Visualization of the reflected shock wave and the dispersal and combustion of aluminum particles was captured using
a lens schlieren system and high-speed color imaging. In the schlieren setup, the light source was a Cavilux Smart
pulsed-diode laser with a wavelength of approximately 640 ± 10 nm. The light was collimated and focused onto the
knife edge using two 101.6 mm plano-convex lenses placed on either side of the shock tube test section. A vertical
knife edge was used to create schlieren images sensitive to the stream-wise density gradient. Schlieren images were
recorded at 450 kHz and at a resolution of 256 x 256 pixels using a Phantom TMX 7510 high-speed video camera.
The light generated by the emission of shock heated air and the luminescence of burning aluminum was filtered from
the schlieren images using a 640 ± 10 nm band pass filter. The luminescence of burning aluminum particles was
examined using a Phantom V1212 color camera. Color images were recorded at 100 kHz at a resolution of 250 x 250
pixels. Schlieren and color imaging measurements viewed the aluminum loading rod through the same window port
and were taken simultaneously with LAS and emission measurements.

The dispersal and combustion of aluminum particles are captured by the schlieren and color images in Fig. 2.
Here the vertical red line represents the collection volume of the LAS and emission measurements respectively. The
formation of the reflected shock is set as times t=0µs. In Fig 2a,e, the reflected shock has formed and passed over the
aluminum loading rod as is travels towards the left hand side of the image. Here particles have just begun to disperse
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from the loading rod and are in the intial stages of combustion, as shown by the dim flame structure in Fig 2e. At
later time steps in Figs. 2(b,e,f,g), particles continue to disperse from and move into the path the LAS and emission
measurements. The combustion of the particles can be observed by the bright blue color in Fig. 2(f,g) and by the white
emission in the schlieren image in Fig. 2(c). This process continues in Fig. 2(d,h), as the intense light from burning
particles saturates the color camera.

Figure 2. Schlieren (a-d) and color camera (e-h) images of aluminum particle combustion at multiple time steps. The reflected shock moves
right to left and the red line represents the location of the LAS laser and emission field of view. The reflected shock is formed at time
t= 0µs.

C. Laser Absorption Spectroscopy
Near infrared (NIR) laser absorption spectroscopy (LAS) of AlO A2Πi − X2Σ+ transition is a recent diagnostic
development that enables high precision quantification of AlO temperature and number density at a 100 kHz repetition
rate [12]. The technique utilizes a wavelength-agile MEMS-VCSEL (Thor Labs: SL131090), which scans from 1265
to 1351 nm (7400-7900cm−1) at a rate of 100cm−1/µs when run with a 70 % duty cycle.

The original demonstration of this technique was probing an isobaric aluminum combustion event at a standard
Albuquerque atmosphere. The present work significantly advances the state-of-the-art by expanding the capability to
include combustion problems at elevated temperatures and pressures.

Data was collected using a four-channel scheme described in Fig 1. The optical power from the laser was split using
a 90:10 fiber (Newport: F-CPL-B12351-FCUPC), with 90% of the laser power going to the absorption measurement
and the remaining 10% used in a wavelength reference channel. In the measurement channel, the laser is transmitted
across the shock tube test section and collected using an InGasAs photodiode with 5 GHz (-3dB) bandwidth (Thor
Labs: DET08CL) and recorded using an oscilloscope operating with a 4GHz bandwith, 12-bit resolution at 12.5
GS/s (Textronix: MS064B). The wavelength reference consisted of hydrogen fluoride (HF) gas cell (Wavelength
References: HF-C(2.7)-50) comprised of a 100% HF at 50 Torr with a path length of 2.7 cm. The laser energy
passed through the HF Cell, was collected using a photodiode (Thor Labs: DET08CFC), and recorded on a separate
oscilloscope channel. This channel yielded narrow absorption features spanning the spectral tuning range and was
collected simultaneously with the laser absorption measurement. A relative wavenumber axis was found using the
VCSEL’s k-clock channel, which is a 900 MHz digital signal generated from a Mach-Zehnder interferometer. The
last channel was a DAQ TTL pulse, generated by the VSCEL at the beginning of each laser sweep. The wavelength
reference, k-clock channel, and DAQ TTL pulse are used in post processing to discretize the continuous signal from
the oscilloscope and generate time resolved absorption spectra.

Although the laser absorption hardware required no modification for studying higher pressure combustion, the data
reduction via model fitting had to be expanded to include the observed pressure broadening effects on spectroscopic
lineshapes. At the time of this report, there are no line broadening models specific to AlO available in the literature.
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Instead, pressure broadening was estimated using Sandia’s spectral modeling application programing interface (API)
that integrates a hard sphere collisional model to calculate the Lorentz component of the Voigt function [16]. In short,
the API was used to generate a look up table of AlO cross sections as a function of temperature and collisional width.
A Nelder-Mead optimization algorithm then minimizes the residual between a measured spectrum and the entries in
the table. Although 600 cm−1 was measured in each laser sweep, models were regressed over the 7,400-7,480 cm−1

range. This generalized approach allowed data collected across a wide range of pressure broadened lineshapes to be
fit without needing an explicit model for collisional width at a given pressure. This process is analogous to floating the
Lorentz component of the Voigt profile. Example results from model fits at multiple time steps are shown in Fig. 3.

Figure 3. Comparison of measured VCSEL absorbance spectra and aluminum monoxide model regressions for multiple time steps in case
2.

D. Emission Spectroscopy
Emission spectra were taken at 11 kHz using a Princeton Instruments ProEM HS: 1024BX3 camera and a Horiba
iHR320 spectrometer. Light was collected from the shock tube using a doublet collimator rigidly attached to the shock
tube. Note the collection path of the emission was colinear with LAS measurements as shown in Fig. 1. Collected
light was sent through a 1500 µm diameter multimode fiber and focused into the spectrometer slit using a 12 mm
reflected collimator and a 100 mm lens.

The emission spectrometer was calibrated for wavelength over the range of 525-555 nm using a neon pen lamp
by linearly regressing the wavelengths of the identified peaks. In addition the neon lines were fit assuming a gaussian
function to determine an instrument broadening function. This instrument function determined to have an optimized
FWHM of 0.09 nm and this was subsequently propagated into the spectral model for fitting the ∆v=-2 band of AlO
B-X emission.
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The look up table of instrument-degraded cross sections was again calculated using the SNL spectral modeling
API [16]. The model included a condensed phase emissive contribution assumed to be both gray and at the same
temperature as the gas phase AlO. The quality of fits shown in Fig. 4 suggest these assumptions are good across our
limited spectral range and at the temperatures and pressures tested in the present work. These assumptions may break
down over wider spectral ranges of different combinations of temperature and pressure. The model also allowed for
a variable optical depth to accommodate the optically thick spectra observed in some tests. In addition there was a
scaling parameter and a constant value relative shift parameter implicit to the fitting procedure to scale and shift model
and experiment relative intensities.

The spectral model for the AlO B-X was derived from ExoMol spectral data for AlO [17]. It was noticed that a
sharp drop in emissive intensity was observed in the spectral region immediately prior to the ∆v=-2 bandhead (532
- 533 nm). It is suspected that this may be due to a lack of inclusion of higher J rotational values in the Exomol
data base which would contribute to emission at the tail end of the AlO ∆v=-1 band. A more recent line list has been
incorporated into Exomol [18] and may improve in this area but this has not been investigated to date. The wavelengths
between 532-533 nm were ignored in the residual calculation of the parameter optimization routine.

The uncertainty in the emission measurements has previously been estimated at ±150 K [1]. The spectral res-
olution in the work by Glumac et al. [1]. was greater than that in the emission measurements obtained here. With
the decrease in spectral resolution we expect our temperature sensitivity to be reduced and conservatively place it at
±250 K based upon residual variance in our temperature and emissivity fitting optimization. In addition the larger
uncertainty is due to the greater optical depths that were observed in some of the measurements. Increasing optical
depth has an effect on the spectrum similar to that of increasing the temperature and therefore the uncertainty in the
fits is greater. In the work by Glumac et al. [1]. fits were only performed on the spectrum if the optical depth was less
than 1. The emission temperature fit has significantly larger uncertainty in comparison to the recently developed laser
absorption technique. This is in large part due to the laser absorption technique resolving the true lineshape of the AlO
species while the emission technique is largely instrument broadened.

Figure 4. Comparison of measured AlO emission spectra with model fit for (a) case 2 and (b) case 1.

III. Results & Discussion
The wide scanning range and 100 kHz repetition rates of the LAS diagnostic enables the time resolved evolution

of AlO and Al absorption to be studied. The spectrograms in Fig. 5 depict the temporal changes in Al and AlO
absorption for the cases listed in Table 1. Case 1 (Fig. 5a) represents a similar ambient pressure and slightly higher
temperature (T=3200 K, P=9 Bar) compared to conditions studied in the literature [1, 4, 19]. Here a small amount of
AlO absorbance is observed 200-500µs after the reflected shock, indicating an ignition delay of ∼200µs. This agrees
with ignition delays observed by Servaites et al. [20] at similar conditions. Note the uniform region of high absorbance
at ∼180µs represents measurement times when the particle cloud blocked the laser.

6 of 10

American Institute of Aeronautics and Astronautics



The last two cases evaluated the LAS diagnostic at extremely high temperature and pressure. The spectrogram
from the high temperature case 2 (T=4700 K and P=11 Bar) in Fig. 5b shows very strong absorption of Al and AlO
∼50µs after the reflected shock. Note the change of color bar axis between Figs. 5a,c and 5b. In the high pressure case
3 (T=4000 K, P=64 Bar), the AlO and Al vapor is again present at early times, appearing ∼50µs after the reflected
shock. The level of Al absorption here is much lower compared to case 2 and the AlO absorption features are blurred
due to pressure broadening.

The observed trends in the spectrograms suggest changes in the combustion behavior over the range of conditions
studied. As the temperature increases from T=3100 K to 4700 K, the degree of Al absorption increases and the
ignition delay time decreases from ∼200µs to 50µs. Physical interpretation of these results is complicated by the the
high ambient temperatures examined, which are greater than the volatilization temperature of Al2O3 (T >4000 K).
In these high temperature environments it is unclear if Al2O3 is volatilizing and reacting as a gas or reacting at the
surface and producing gas phase Al.

Although questions on the present aluminum combustion mechanisms remain, the capability of the LAS diagnostic
over a wide range of extreme test conditions is shown here. The spectrograms in Fig. 5 demonstrate the LAS can
measure time-resolved absorption spectra of both Al and AlO vapor over a range of temperatures and pressures and
can be used to estimate ignition delay and total burn times. Given this capability the diagnostic has potential for future
physics focused experiments, particularly at high pressure conditions where gaps in the fundamental understanding of
particle combustion remain.

Figure 5. Spectrograms of measured absorbance for case 1 (a), case 2 (b), and case 3 (c). Note different color axis on (b). Here a time of
t = 0 is when the reflected shock forms.

A time resolved measure of the temperature and number density of AlO from the LAS diagnostic are plotted in
Fig. 6. Here, LAS fitted temperatures are compared to temperatures from emission fits, CEA estimated reflected shock
temperatures, and the endwall pressure trace. For the CEA reflected shock temperature, the transparent gray area is
the temperature uncertainty related to the measured shock speed.

In case 1 (T=3200 K, P=9 Bar), the LAS temperature is ∼400 K higher than the CEA estimated temperature and
stays relatively constant up until ∼350µs, where it increases from 3550K to 3890K. The endwall pressure trace is flat
up until ∼350µs, after which the pressure begins to rise. This pressure rise is related to compression waves produced
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by the contact surface-reflected shock interaction that enters the test section. The slight increase in LAS temperature
may be related to the temperature rise associated with the compression wave. The LAS measure of column density
indicates the concentration of AlO remains relatively constant and then increases dramatically at ∼350 µs. Schlieren
imaging suggest the increase in column density is related to additional burning particles entering the LAS collection
volume.

The emission temperature agrees with the LAS measurement when the uncertainty in the emission temperature
(∼ ±250 K) is considered. The temperatures measured by the emission and LAS are higher than the CEA estimated
ambient temperature, suggesting diffusion limited combustion. The 10-µm particles used in this study have been
previously been shown to burn in the transition region from diffusive to kinetic limited combustion. Particles with
diameters <20µm will burn in a diffusion limited regime and begin to approach kinetic limited combustion as the
diameter decreases [21]. Therefore it is reasonable to conclude that the LAS and emission temperature measurements
are of AlO in a diffusion diffusion flame, where temperatures will be grater than the ambient.

In the high temperature case 2 (T=4700 K and P=11 Bar) the LAS temperature matches the ambient temperature.
The column density is approximately constant until ∼110µs where it then increases monotonically. Schlieren images
of these times indicate the increase in column density is related to additional aluminum particles leaving the loading
rod and entering the LAS measurement volume. The emission temperature for the case is much higher than the
ambient and the LAS prediction and is likely due to emission spectrum being optically thick [1, 22]. Case 3 tests the
LAS diagnostic at extremely high pressures (T=4000 K, P=64 Bar) where significant lineshape broadening occurs. In
this case, the fits of the LAS measurement yield temperatures that match the ambient.

In cases 2,3, the reflected shock temperature is above the volatilization temperature of Al2O3, meaning the max-
imum temperature of the system will be the reflected shock temperature. Therefore at these conditions, the AlO
temperature will be at the reflected shock temperature, which is consistent with the LAS measurements.

Figure 6. Comparison of time-resolved LAS measurements of column density and temperature with fitted emission temperatures and
CEA predicted reflected shock temperature. Gray area around CEA temperature represents temperature variation due to uncertainty in
measured shock speed. Temperature and column density compared to endwall pressure trace for case 1 (a), case 2 (b), and case 3 (c).
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IV. Conclusion
This work presents simultaneous laser absorption, emission, schlieren and color imaging measurements of alu-

minum combustion at high temperatures and pressures in Sandia’s High Temperature Shock tube. The laser absorption
diagnostic developed is capable of measuring the temperature and column density of AlO at 100kHz [12]. The diag-
nostic utilizes a near infrared MEMS VCSEL to measure the AlO A2Πi −X2Σ+ transition and atomic Al transitions
at 7,618 cm−1 and 7,602 cm−1. AlO is produced by the combustion of 10-µm aluminum particles in environments
with temperatures and pressures in the range 3000-4700 K and 9-66 Bar.

Spectrograms of the absorption show a decrease in the ignition delay time and increase in the strength of the Al
absorption as the ambient temperature increases from T=3000 K to 4700 K. The temperature fits of the AlO absorption
agree with the AlO emission temperature fits for an ambient temperature T = 3100. For the higher temperature and
pressure cases (T >4000 K, P >60 bar), the emission becomes optically thick and overestimates the AlO temperature,
wheras the LAS measurement matches the CEA estimated reflected shock temperature. Column density measurements
of AlO are reported and show trends consistent with observations from schlieren images, i.e., as additional aluminum
particles are observed moving into the LAS measurement volume the measured column density increases. These
results suggest the presented laser absorption diagnostic can accurately measure temperature in high temperature and
pressure environments where emission spectroscopy may fail due to optical thickness limitations.
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