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Abstract

We have acquired two laser-based alkene sensors for use in the investigation of fuel kinetics in shock tube
experiments. These sensors operate at wavelengths between 10 and 12 microns in the far IR where there
are strong absorption bands for a series of alkenes. The two sensors, operated together, can enable the
detection of multiple key alkene products, including C,Hs and i-C4Hs, that result from pyrolytic
decomposition of hydrocarbon fuels. Kinetic analyses predict that alkenes form a large fraction of the
decomposition products of jet fuels and jet fuel surrogates, and quantitative measurements using these laser
systems have the potential to provide time-histories of the primary alkene decomposition products for such
fuels. When employed on our existing shock tube test facilities with other existing laser-based species
sensors, a substantially complete picture of the intermediate decomposition products that form during
pyrolysis and oxidation should be feasible. These state-of-the-art sensors will also be used in the training
and education of the next generation of graduate students in mechanical engineering in the areas of
combustion, propulsion, laser diagnostics and shock tube methods.

Laser systems for alkenes

We have acquired two complementary sensor systems that can provide simultaneous measurement of two
alkene species. In typical operation, the tunable 11 micron laser system is used to monitor one or more
higher alkenes such as iso-butene, and a discretely tunable 10.5 micron system used to monitor C;Hs. The

equipment is currently being used in our shock tube facilities. A schematic of the two systems is shown in
Fig. 1.
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Figure 1. Schematic of a shock tube/laser absorption experiment for the detection of alkenes.

Tunable 11 micron laser system

The tunable 11 micron laser system is based around a Daylight Solutions tunable cw-pulsed quantum
cascade laser. In addition, a matching pair of Boston Electronics Vigo thermo-electric cooled detectors
(model PVI-2TE-5-2x2) are used to monitor, with common mode rejection, the absorbed laser signal, along
with necessary beam-forming optics and windows.



Discretely-tuned CO: gas laser system

The discretely tunable CO» gas laser system for the detection of C>Hs is based around an Access Laser
LASY-4G CO2 gas laser and with water chiller. This configuration maintains high output wavelength and
power stability. Boston Electronics Vigo thermo-electric cooled detectors (model PVI-2TE-5-2x2) are used
to monitor the absorption, along with necessary beam-forming optics and windows.

Detection of alkenes

The optical wavelength region near 10 microns features strong optical absorption transitions for many
alkenes. Figure 2 shows room temperature spectra for several alkenes, C;Hs4, C3Hg, 1-C4Hs and the alkyne
C3H4, between 850 and 1000 cm™ or equivalently 10-11.76 microns. The absorption cross-sections for
these species are significantly higher at these wavelengths than at the shorter wavelengths accessible by
previously available commercial lasers. Though these absorption cross-sections are degraded at high
temperatures, they are still strong enough to provide 10-100 ppm minimum detectivities for alkene species
at combustion temperatures in shock tube/laser absorption experiments.

Unfortunately, the spectra of these species overlap, producing blended spectra during pyrolysis of real fuels.
Our approach to dealing with this problem has been to utilize two separate lasers operating at different
wavelengths, including one wavelength (from the CO; laser) chosen with maximum sensitivity to ethylene
that is typically the dominant alkene formed. The second laser wavelength is chosen to optimize detection
of a second alkene or blend of multiple large alkenes. Used together, the two wavelengths can enable
detection of ethylene plus an additional alkene (or blend). Ideally, a third and even a fourth laser wavelength
would be used; we tentatively plan that to be the basis of a new DURIP request in 2017.
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Figure 2. Absorption cross-sections for selected alkenes in the 850 to 1000 cm™ region (10-11.76 um).
Data derived from the PNNL database.



As indicated above, ethylene can be monitored at 10.532 microns using an emission line of a CO; gas laser,
as there is a fortuitous overlap of the strong Q-branch of the v; ethylene band with the P14 line of the CO»
laser transitions associated with the (001) to (100) vibrational levels. This strategy is based on the work in
our laboratory by Ren et al. (W. Ren, D.F. Davidson and R.K. Hanson, “IR Laser Absorption Diagnostic
for C;Hs in Shock Tube Kinetics Studies,” Intl. J. Chem. Kinetics 44 (2012) 423-432 DOI
10.1002/kin.20599). For the detection of iso-butene, tunable laser light near 11 microns is used. This
strategy is based on the work in our laboratory by Spearrin et al. (R.M. Spearrin, S. Li, D.F. Davidson, J.B.
Jeffries and R.K. Hanson, “High-temperature Iso-butene Diagnostic for Shock Tube Kinetics using a Pulsed
Quantum Cascade Laser near 11.3 um,” Proc. Comb. Inst. 35 3645-3651 (2015) DOI
10.1016/j.proci.2014.04.002).

Representative measurements using two alkene laser sensors

The two alkene laser sensors can be combined with an existing CHy4 detection scheme to provide the
capability to measure three species simultaneously, as reported in a paper to be published in the Proceedings
of the Combustion Institute (Vol.36). The target in that work was a novel three-color, three-species laser
absorption sensor for measurement of small (C,-Cy4) alkenes. In that scheme, an existing two-color CH4
laser sensor and one-color fuel sensor were combined with the two alkene sensors to study the
decomposition of a bio-derived, highly-branched alcohol-to-jet (ATJ) test fuel in a shock tube, yielding
multiple species (methane, ethylene, and isobutene) time-histories for temperatures between 1070 K and
1320 K. A matrix analysis scheme enabled the de-convolution of the multiple laser signals into species
time-histories. Figure 3 shows representative species time-histories for three target species based on the
measured absorbance signals.

Owing to the successful deployment of a three-laser sensor for ATJ fuels, we plan to propose acquisition
of another tunable 11 micron laser in the 2017 DURIP program, thereby expanding our capabilities for
studies of distillate fuels.
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Figure 3. Species time histories during ATJ fuel pyrolysis. Initial reflected shock conditions: 0.917% C1
test fuel in argon, 1176 K, 1.40 atm.



Research facilitated

The overall goal of acquiring these lasers was to enable experiments that provide a more complete
description of the intermediate product distribution of fuels and surrogate components of interest to ARO
and other DOD research groups. Using this equipment, we were able to begin to quantify the decomposition
product distributions of JP-8 and other jet fuel analogs, including bio-derived alternatives.

This equipment was used in the ARO research contract “Studies of ARO-Relevant Fuels using Shock
Tube/Laser Absorption Methods,” Grant # W911NF-13-1-0206, enabling an expansion of the current
database of kinetics targets for ARO-relevant fuels.

Other DOD and U.S. government department contracts have also directly benefitted from the acquisition
of this new equipment. These contracts include:

AFOSR/BRI: “New approaches to reacting flow modeling for endothermic fuel cracking and Combustion
in high-speed combustion,” October 2012-September 2015; funding level of $225k/year

DOE: “Spectroscopy and kinetics of combustion gases at high temperatures,” March 2012-February 2015;
funding level of $160K/year.

Effect on graduate education

This equipment will serve to benefit the training and education of the next generation of graduate students
in mechanical engineering in the areas of combustion, propulsion, laser diagnostics and shock tube methods.
The greater portion of the graduate students who have pursued higher degrees, M.Sc. and Ph.D., under the
supervision of Professor R. K. Hanson at Stanford University have done so with the support of DoD
funding. (Over 100 students have received Ph.D. degrees from the Hanson group.) Several of these
students have learned to develop and use state-of-the-art laser diagnostic and spectroscopic techniques, to
design and use shock tube facilities, and to apply these tools to studying current combustion problems of
interest to the DoD. Many of the graduating students have gone on to become professors in their own right
(28 at current count). Other students using this equipment will be trained in new scientific methods and
able to pursue careers as leaders in science and engineering in the United States.



