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ABSTRACT

Photo-exciting hydrocarbons with infrared photons shorter
than 20 pm in wavelengths for enhanced fuel conversion
efficiency are believed to be scientifically predictable. This
paper describes a scientific investigation on the concept
using infrared excitation for increased hydrocarbon fuels'
combustion efficiency. The IR-effect on flame structure is
studied in a widely-used counterflow methane-air diffusion
flame experiment. Species concentrations for Hz, O, No,
CHs, CO, CO;, C;H;, and C;H, across the flame are
measured using sampling and gas chromatography while
NO (nitric oxide) concentrations are measured using
chemiluminescence analysis. The experimental results
indicate |IR-excited fuel burns faster, as the measured CH,4
mole fractions reaches its minimum at closer to the fuel
duct, compared to regular methane. As s result of faster
combustion, fuel consumption rate and peak CO, CQO,,
and MO emissions all reduce. |R-excitation was also
applied in several engine and vehicle tests to examine its
effects on improving engine efficiency. The experimental
data suggest IR-excitation can significantly improve
performance of gasoline and diesel engines for increased
fuel economy and reduced emissions.

INTRODUCTION
Using infrared-excited fuels for improved fuel efficiency of

internal combustion engines was first disclosed in 2003 [1].

Hydrocarbons are IR-active and absorb multi-photons in
3 - 14 pm wavelengths, causing molecular vibrations [2].
Photochemistry enhancement of reaction rates by
reactant vibrational excitation have been demonstrated in
laboratory dynamics studies [3]. These scientific facts
suggest that by IR-exciting hydrocarben fuels combustion
efficiencies will be significantly enhanced. Though
photoexciting hydrocarbon molecules for enhanced fuel
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conversion efficiency are believed to be scientifically
predictable, a broadband |R-excitation source that could
facilitate the proposed applications did not commercially
exisi. After eight years of research, we have developed a
broadband IR-emitter made of selective transition metal
oxides to emit mid-infrared in 3 — 14 um wavelengths,
depending on the oxides used [4].

In engine applications, the IR-emitter can be clamped to
the exterior of a nonmetal supply fuel line, since 3 — 14

pm wavelength photons can penetrate nonmetal materials.

Hydrocarbons traversing thorough the fuel line are
exposed to infrared radiation and excited before the fuel
enters cylinders for combustion. Confirmatory test results
demonstrating IR-effect on improving engine performance
to significantly improve fuel economy and emissions were
reported [5]. In that report, all targeted emissions,
including THC, CO, NOx, and soot (in diesel applications),
were simultaneously reduced. NMNevertheless, how IR-
excitation participates in the thermochemical process of

combustion to improve fuel efficiency remains unidentified.

The combustion of multi-component commercial fuels (e.g.

gasoline, diesels) in an engine involves many complicated
processes, such as atomization, evaporation, turbulent
mixing, and combustion timing. To eliminate the
complexities in a gasoline or diesel engine, laminar non-
premixed counterflow methane-air flame experimentation
was used at Zucrow Laboratories, Purdue University to
investigate the IR-effect in a collaborative research.

Counterflow flames are widely used in evaluation of
chemical kinetic rates because they are one-dimensional
and have a uniform strain rate [6]. Counterflow flames
also allow the use of OPPDIF code developed by Sandia
[7,8] to reveal chemical kinetics details with manageable
computational times. Besides, the methane mechanism
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and the thermochemical database given in GRI-Mech
211 [9] can be used to predict and compare the
measured concentrations of major species, CO, H,, CiH;,
C,H., and NO.

The present study has successfully demonstrated the IR-
effect on changing flame structure (distribution of species
across the flame) and pollutant (soot, CO, and NO)
emissions. In addition, we have applied the IR-emitter on
gasoline and diesel engines to show improvement on fuel
combustion efficiency and emissions. Preliminary results
are very encouraging, indicating the IR-effect is existent.

ABSORPTION OF INFRARED RADIATION

When a photon is absorbed by a molecule, it ceases to
exist and its energy is transferred to the molecule. This
energy can be transferred to vibrational, rotational,
electronic, or translational forms. Excitation of vibrational
modes in a molecule requires a photon with wavelength
typically shorter than 20 pm. Examination of the geometry

of the molecule can tell if a molecule will be infrared-active.

Hydrocarbons are IR-active and absorb IR photons to
cause molecular vibrations. Some exemplary IR-excited
vibrations in hydrocarbons are listed in Table 1.

Table 1. IR absorptions by hydrocarbon molecules,

w(em ™) A (um ) Bond Structure
1315— 1475 | 6.78—7.60 | C-H (in alkanes)
2800 - 3000 | 3.33—-3.57 | C-H (in alkanes)
1450 — 1600 | 6.25-6.90 | C=C bond in aromatic rng
1650 -1670 | 599-6.06 | C=C
2100 - 2260 | 442476 | C=C
30003100 | 3.23-3.33 | C-H (part of aromatic fmg)
3300 3.03 C-H (C is acetylenic)
30203080 | 3.25-3.31 | C-H (C is ethylenic)
1420-1470 6.80-7.04 Alkanes’ —CHs
13756 7.27 Alkanes’ —-CHs
14301470 6.80-6.99 Alkanes’ =C H:
1370, 1385 7.30,7.22 | Alkanes' ~CH(CH:) >
1170 8.55 Alkanes’ —CH(CH:) >
1370, 1385 7.30, 717 | Alkanes' —C(CHa)z
910-920 10.87—10.88 | *Alkenes' RCH=CHz
900-1000 | 10.00-10.10 | *Alkenes’ RCH=CH;
BBO—900 | 11.11-11.36 | *Alkenes’ RzC=CHz
675—730 | 13.70-14.81 | *Alkenes’ RCH=CHR cis
965 - 975 | 10.26-10.36 | *Alkenes’ RCH=CHR ftrans
730 - 770 12.98-13.70 | *Aromatic C-H "
735 -770 | 12.99-13.61 | *Aromatic C-H ™ ortho
690 — 710 | 14.08—14.49 | *Aromatic C-H ™ mefa
750 - 810 | 12.35-13.33 | *Aromatic C-H ' meta
810 -840 | 12.35-11.90 | *Aromatic C-H ™ para

* means “Out-of-Plane”; (1) Mono-substituted; (2) Distributed,

For example, the C=C bond in hydrocarbon molecule has
a higher force constant than C=C bond so that C=C bond
absorbs IR at a higher frequencies (i.e. higher energy) at
2100 - 2260 cm’’ {or 476 — 4.42 pym wavelengths) than
the C=C bond at 1650 — 1670 cm™' (6.06 — 5.99 um). It
takes more energy to make the stronger C=C bond

vibrate than it does to the C=C bond. The IR absorption of
C-C bond appears at low frequencies in 1000 — 1100 cm™
range (or 10 — 9 um). In practice, Organic chemists have
been using the IR absorption spectral information (so-
called Infrared Correlation Charts) to identify hydrocarbon
specimens for many decades [10].

MOLECULAR VIBRATIONS

Photoselective Chemistry is concerned with the influence
of selective optical excitation on the acquisition, storage
and disposal of energy and on the reactivity of molecules.
Classic work of Evans and Polanyi in the 1930s illustrated
the importance of molecular vibrational energy in reaction
dynamics [11]. It was recognized early in the study of
chemical kinetics that increasing the energy of reactants
increased reaction rate, which was usually accomplished
by simply raising the reaction temperature. However,
Evans and Polanyi presented the argument that the
reactant vibrational energy is the most effective at
promoting reaction. As experimental techniques were
refined, it became possible to demonstrate that increasing
vibrational energy is indeed relatively more important than
raising temperature in enhancing a molecular reaction.
The expectation is that if the vibrational excitation is
sufficient to raise the systern to lower the activation barrier,
substantial rate enhancement would be realized.

Tunable lasers provide a very convenient method for
obtaining selective vibrational excitation. A number of
reactions of IR laser-excited species have been studied.
The correlation between ground-state heats of reaction
and vibrationally induced reaction rate enhancement is
striking for these processes. Vibrational energy in some of
these cases was found to enhance the reaction rate by
two orders of magnitude [12]. It is concluded that chemical
reactions can be drastically enhanced by optical excitation
from infrared lasers.

INFRARED MULTIPHOTON ABSORPTION AND
EXCITATION

The discovery that polyatomic molecules under collision-
free conditions may absorb many infrared quanta from an
IR laser had generated interests regarding molecular
multiphoton process (MMP). Based on the currently
available experimental information and theoretical studies,
a qualitative picture can be drawn as in Fig.1 [13]:

The molecular energy levels can be separated into three
regions [14]. In the lowest energy range (region |) the
density of molecular states is very low and the IR field is
interacting with isolated molecular states. In this region,
multi-photon resonances are accounted for in terms of the
molecular level-scheme of region I

After the molecule absorbs a few guanta, the density of
molecular states becomes very large, and we can no
longer describe the time evolution in terms of few isolated
molecular states. This region is denoted region Il, quasi-
continuum, involving intramolecular energy transfer and
line broadening (dephasing).




Finally, when the molecule has acquired enough energy
for dissociation, it enters the region lll, where we have to
incorporate the dynamics of unimolecular decomposition.
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Fig. 1 Molecular level scheme for Infrared Multiphoton
Excitation and Dissociation.

METHANE VIBRATIONAL ENERGY LEVELS

To illustrate the complexity of the molecular vibrations
caused by IR-excitation, we can use the energy-transfer in
methane as an example.
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Fig. 2 Partial vibrational energy level diagram of CH,.

Methane (CH.) was the first polyatomic molecule for
which vibrational energy-transfer pathways and rates were
investigated [15]. Single Modes, or fundamental vibration
energy levels, of methane include asymmetric stretching
vibration v, at 3010 cm™' (3.32 pm), bending mode v, at
1306 cm™ (766 ym), and v; and v., which are the
equilibration of v and v, respectively. Methane's
vibrational energy levels may also include combination
modes and overtones such as 2vy, Wa + vy, and 2vp.
Further equilibration of states is postulated to occur
involving more overtones and combination bands, though
fully comprehending the system is impossible.

According to Figures 1 and 2, methane molecules absorb
a number of IR photons that match its fundamental and/or
combination modes to climb up the ladder of vibrational
states. As such, IR-excited methane molecules are in
excited states where the activation barrier of reaction is
lowered as shown in Fig. 3. The activation barrier is the
potential energy of reactants required to be overcome in
order for the reaction to take place [16]. The height of the
activation barrier between reactants and products
determines the rate at which the reaction may occur. The
lower the activation barrier is, the better the reaction rate
will be, as it will take less energy to break up an excited
methane molecular structure.
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Fig. 3 Reaction profiles of regular and IR-excited methane.

FABRICATION OF IR-EMITRERS

Broadband IR-emitters comprised of metal oxides have
been broadly used in Japan for agricultural applications
since the 1960's. Japanese are particularly successful in
using 8 — 20 um “far-infrared" (but categorized as “mid-
infrared” by NASA) in heating and drying agricultural
produces for preservation. Prolific experimental data on
IR-emitting metal oxide designs are available in Japan,
but mostly focused toward the conventional 8 — 20 uym
wavelengths for aforementioned applications.
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