Challenges in Understanding and Development of Predictive Models
of Plasma Assisted Combustion

Igor V. Adamovich and Walter R. Lempert

Nonequilibrium Thermodynamics Laboratory
Department of Mechanical and Aerospace Engineering
The Ohio State University, Columbus, OH 43210

Abstract

Key challenges to quantitative insight into fuel-air plasma kinetics, as well as plasma
assisted ignition and flameholding, are identified and assessed based on the results of recent
experimental and kinetic modeling studies. Experimental and modeling approaches to address
these critical issues are discussed. The results have major implications for fundamental
understanding of pulsed electric discharge dynamics, molecular energy transfer in reacting flows,
plasma chemical reactions, and development of low-temperature plasma assisted combustion
technologies.
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1. Introduction

Over the last 10-15 years, there has been significant progress demonstrating the utility of
non-equilibrium plasmas for augmentation of combustion phenomena, such as reduction of
ignition delay time and ignition temperature, as well as increase in flame stability and
flammability limits [1,2]. High peak voltage, nanosecond pulse duration discharges are of
particular interest for plasma assisted combustion since they can generate diffuse nonequilibrium
plasmas at high pressures (~1 bar) and high pulse repetition rates (up to ~100 kHz), and are
characterized by high peak reduced electric fields, E/N, of several hundred Townsend (1 Td = 10°
17 v.cm?). At these high E/N values, a significant fraction of discharge input energy goes into
population of excited states of molecules (vibrational and electronic), as well as molecular
dissociation and ionization by electron impact. Collisional quenching of the excited states
(including reactive quenching) and reactions of radical species generated in the discharge
considerably expand the variety of chemical reactions in low-temperature fuel-air mixtures,
resulting in fuel oxidation and ignition. From a fundamental kinetics perspective, however, the
dominant energy transfer and chemical reaction processes in these plasmas remain not fully
understood, especially when fairly complex hydrocarbon fuels are involved. Without such
understanding, predictive kinetic modeling and analysis of plasma assisted combustion
phenomena remains problematic. The main objective of the present work is to identify and assess
most significant challenges to quantitative insight into fuel-air plasma kinetics, as well as plasma
assisted ignition and flameholding, based on the results of recent experimental and modeling
studies.



2. Electric field and electron density: measurements and prediction

It is well known that energy partition among different energy modes in nonequilibrium,
low-temperature, high-pressure plasmas (rotational, vibrational, electronic, dissociation, and
ionization) is controlled primarily by the electron energy distribution function. Over a wide range
of conditions, this partition can be characterized in terms of the reduced electric field, E/N.
Electron density, ne, is the other parameter that controls energy coupling to the plasma, such that
specific power loading is proportional to the product of E/N and n.. Thus, knowledge of these
two key parameters is critical for insight into kinetics of energy transfer and chemical reactions
in these plasmas. Estimating E/N and n. in the plasma from discharge voltage and current
waveforms, especially in transient discharges that develop as ionization waves, may well result
in significant uncertainties in predicting other plasma parameters, such as vibrational and
electronic excitation, e.g. No(X!Zv=0) + e — N,(X*Zv>0, A%S, B%I1, CI) + e, as well as
molecular dissociation by electron impact, e.g. O-(X'2) + ¢ — OFP, 'D) + O(P) + e. Thus,
measurements of electric field, electron density, and electron temperature in transient plasmas
sustained by nanosecond pulse duration discharges, and their comparison with modeling
predictions, are critical for fuel-air plasma characterization and validation of kinetic models.
Truly predictive models should incorporate, at the very least, realistic electrode geometry,
Poisson equation for the electric field, and equations for number densities of charges species
(e.g. see [3,4]), such that electric field and electron density distributions in the plasma could be
predicted based on the experimental voltage waveform, and compared with the experimental
results.

Four-wave mixing / CARS and Thomson scattering are two powerful laser diagnostics
used recently for time-resolved electric field measurements [5-7], as well as time-resolved
electron density and electron temperature measurements [8-10] in high-pressure, high specific
energy loading molecular plasmas. Electric field measurements have been performed using both
H, and N, as the active species, which are among the dominant species in plasma-assisted
combustion environments. Sub-nanosecond time resolution electric field diagnostics are under
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Figure 1. Experimental [6] and predicted electric Figure 2. Thomson / Raman scattering spectrum in a 10%
field and applied voltage / electrode gap in a ns O,-He mixture at 100 Torr, 100 ns after ns pulse discharge
pulse, plane-to-plane discharge in N, at 0.25 bar, current rise. Distance between spherical electrodes 1 cm.
electrode gap of 1.2 mm. ne=6-10" cm™, T,= 1.7 eV [10].



development [7]. Figure 1 compares experimental [6] and predicted electric field in nanosecond
pulse discharge in nitrogen at 0.25 bar, using the kinetic model developed in Ref. [11]. Rapid
electric field reduction during breakdown and the effect of cathode voltage fall on the field in the
plasma after breakdown (such that the field is significantly lower compared to the ratio of
voltage over distance) are readily apparent. Thomson scattering electron density measurements
in molecular plasmas are quite challenging because of strong Rayleigh and Raman scattering [8];
however, Rayleigh scattering can be filtered out using a mask in a triple-grating spectrometer,
and Raman spectrum can be subtracted if signal-to-noise and spectral resolution are sufficiently
high [8]. Figure 2 plots a typical Thomson / Raman scattering spectrum in a 10% O,-He mixture
at 100 torr, 100 ns after the beginning of the discharge pulse. The gap in the center of the
spectrum, caused by blocking of Rayleigh scattering, and Raman lines of O, are apparent. The
inferred electron density and electron temperature at these conditions are ne = 6:10™ cm™ and Te
=1.7eV).

3. Temperature and vibrational level populations: measurements and prediction

The parameter that has the most significant effect on chemical processes in fuel-air
plasmas, in particular on the rates of chain branching fuel oxidation reactions, is gas temperature.
Therefore time-resolved and spatially-resolved temperature measurements in these plasmas, as
well as comparison with kinetic modeling predictions, are extremely important for understanding
the mechanism of plasma assisted ignition. Since in molecular plasmas a significant fraction of
discharge energy is loaded into the vibrational mode of nitrogen, with subsequent vibrational
relaxation, time-resolved and spatially-resolved measurements of N, vibrational temperature and
vibrational level populations are also critical for predicting the rate of energy thermalization in
the plasma. Recently, these measurements have become available due to progress in
development of picosecond CARS [12] and spontaneous Raman scattering laser diagnostics [13].
As expected, O, vibrational excitation is much less pronounced compared to that of N, [13].
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Figure 3. Experimental and predicted temperature
and N, vibrational temperature during and after a
ns pulse discharge in air between two spherical
electrodes 1 cm apart at 100 Torr [12].



Figure 3 plots experimental (ps CARS) and predicted, time-resolved
rotational/translational temperature and “first level” N, vibrational temperature, T,=we(1-
2X%e)/IN(Ny=0/Ny=1), during and after ~100 ns duration discharge pulse in air, at 100 Torr [12].
“Rapid” temperature rise, on a short time scale, t ~ 107 s — 10° s, up to T ~ 500 K (somewhat
difficult to see in Fig. 3), is primarily due to energy release during quenching of excited
electronic states of nitrogen, No(A%X, BT, C°IT) + 0, — N> (X12) + O + O. It has been predicted
by kinetic modeling [14] and has also been studied by optical emission spectroscopy in
nanosecond pulse discharges at atmospheric pressure [15]. From Fig. 3, it can be seen that the
discharge produces significant vibrational nonequilibrium, Ty,max ~ 2900 K, Tpnax ~ 850 K. In
these experiments, N2(v=0-9) vibrational level populations have also been measured, indicating
strongly non-Boltzmann, “bimodal” vibrational distribution [12]. Kinetic modeling calculations
[12] demonstrated that significant transient rise of N, vibrational temperature after the discharge
pulse (from Ty,max ~ 1500 K to ~ 2900 K att ~ 10”7 s — 10™ s, see Fig. 3) is due to “downward”
vibration-vibration energy exchange, N»(v=2) + N,(v=0) — N,(v=1) + N»(v=1). T, reduction at t
~10™*s-10" s, which coincides with significant “slow” temperature rise on the same time scale,
from T ~ 500 K to ~ 850 K, is due to vibration-translation relaxation of N, by O atoms, N(v) +
O — N,(v-1) + O. Obviously, both “rapid” and “slow” temperature increase, caused by
quenching of excited electronic states and vibrational relaxation of nitrogen, respectively, have
significant effect on the energy balance and thus are critically important for the rates of fuel
oxidation in nanosecond pulse fuel-air plasmas.

The effect of “rapid” heating in nanosecond pulse fuel-air plasmas is illustrated in greater
detail in Fig. 4, which compares experimental (ps pure rotational CARS) and predicted (using the
kinetic model developed in Ref. [11]) temperatures during and after a nanosecond pulse
discharge in an H,-air mixture at 40 Torr. It can be seen that time scales for the “rapid”
temperature rise and decay of electronically excited N, molecules are the same (the “slow” rise is
due to N, vibrational relaxation by O atoms). “Rapid” heating becomes considerably more
pronounced at higher pressures [15], both due to higher specific energy loading in a localized
discharge filament and due to faster quenching of excited electronic states of N,. This raises the
following questions: can plasma chemical reactions among excited electronic species and
radicals generated in the low-temperature plasma compete with “conventional” fuel-air chemical
reactions, the rates of which rapidly increase with temperature? At what pressures does “rapid”
heating become the dominant effect in transient fuel-air plasmas, compared to low-temperature
excited species and radical species chemistry? Answering these questions would have
considerable impact on development of plasma-assisted combustion applications. This requires
additional systematic studies in well characterized fuel-air plasmas, over a wide range of
pressures, as well as comparison with kinetic modeling calculations to evaluate contributions of
different mechanisms.

4. Effect of excited species and radicals on plasma chemistry

Reactive quenching of excited electronic states and vibrational relaxation in air and fuel-
air mixtures may have a significant effect on plasma chemistry, generating radicals such as O, H,
and OH, e.g. O(*D) + H, = H + OH, and dissociating oxygen and fuel species, e.g. No(A%Z,
B3, C*I) + H, — No(X'2) + H + H, No(A%Z, BII, C°I) + O, — No(X'2) + O + O. Plasma-
generated radicals can initiate fuel oxidation chain reactions, suchas H + O, - OH + O, O + H,
— OH + H, and generate nitric oxide, N,” + O —> NO + N (here the asterisk stands for N,
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Figure 5. Radial distributions of absolute [H] (left) and [OH] (right) across a point-to-point discharge
filament during and after ns discharge burst (50 pulses) in a Ar:0,:H, = 80:20:2 mixtures at P=40 torr and
To =300 K [19]. Pulse numbers are indicated in the figure.

excited electronic or vibrational states), which may strongly affect radical concentrations. For
this reason, absolute measurements of electronically excited (by Cavity Ring-Down
Spectroscopy and calibrated optical emission spectroscopy [16]) and vibrationally excited N,
molecules (by CARS [12] or spontaneous Raman scattering [13]) as well as of N, O, NO, H, and
OH radicals (by Single-Photon and Two-

Photon Absorption LIF [16-18]) in [0, [N] and [NO], cm” T K
transient fuel-air plasmas yield critical

insight into kinetics of chemical

reactions of plasma-generated radicals. 10"
Spatially-resolved LIF, TALIF, and

Rayleigh scattering measurements in

transient plasmas with strong gradients 10"
[19] are especially desirable (see Fig. 5).
Figure 6 compares experimental (LIF
and TALIF) [18] and predicted [11]
time-resolved absolute number densities
of O, N, and NO after a ns pulse e
discharge in air at 100 Torr, at low pulse o' g% 10° aop 07 W AT 4
energy, near-room temperature MO pYESe; 8
conditions. In  these experiments,  Figure 6. Experimental and predicted absolute O, N, and
N,(v=0-4) populations have also been = NO number densities after a ns pulse discharge in air
measured, by ps CARS. The results of between two spherical electrodes 1 cm apart at 100 Torr
these measurements demonstrated that (low pulse energy, near-room temperature conditions).

(i) vibrationally excited Na(X'2v)

molecules do not have a detectable effect on NO formation in ns pulse low-temperature air
plasmas, and (ii) NO at these conditions is formed primarily by reactive quenching of a number
of excited electronic states of Ny, including multiple singlet and triplet states.
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The effect of vibrationally excited nitrogen molecules, N,(X'Zv), on plasma chemical
reactions have been discussed in the literature for quite some time. In fact, one of the objectives
of simultaneous ps CARS, LIF, and TALIF measurements [18] was to quantify the effect of
N(X*2,v) + O — NO + N reaction on the rate of NO formation in low-temperature transient air
plasmas. However, the contribution of this reaction, compared to reactive quenching of excited
electronic states of N, appears to be small. This result does not imply that No(X'2,v) molecules
cannot affect air and fuel-air plasma chemical reactions in general. Recent time-resolved
measurements of [OH] in nanosecond pulse discharge afterglow in preheated hydrocarbon-air
mixtures [20], which demonstrated anomalously long OH lifetime, led the authors to suggest that
vibrationally excited nitrogen may delay OH recombination due to near-resonance energy
transfer to HO, radical, No(X'Zv=1) + HO, — Ny(X*2,v=0) + HO, (vo+vs) —» N, + H + O,
[21]. However, gas temperature and N, vibrational temperature in these experiments have not
been measured, such that a more direct effect of heating the flow by the discharge on OH
lifetime cannot be ruled out. Direct vibrational temperature measurements are critical due to
significant uncertainty in state-specific rates of N, vibrational relaxation in reacting fuel-air
mixtures. It may well be possible that reactions of vibrationally excited N, molecules in fuel-air
plasmas may affect low-temperature fuel oxidation chemistry, and additional experimental
studies (such as simultaneous N, vibrational CARS and OH LIF measurements) are needed to
verify this hypothesis.

A closely related issue is the effect of long-lived metastable species generated in
molecular plasmas, such as O»(a'4), on fuel-oxidizer plasma chemistry, compared to radicals
participating in rapid reactions of fuel oxidation, such as O, H, and OH. Recent experiments
show that metastable O,(a'4) molecules, which have a long lifetime and may accumulate in O,-
containing plasmas up to mole fractions of several per cent, have a significant effect on H,-O,
ignition delay length [22] and on C,H4-O,-Ar flame speed [23]. In Refs. [23,24], the effect of
0,(a*4) was isolated from that of O atoms and ozone (which serves a source of O and H radicals
in the flame preheat zone). However, predictive capability of kinetic models is limited by lack of
data on collisional quenching of O,(a'4) by radicals and hydrocarbon species [24,25]. On the
other hand, the effect of O atoms on CH, and C,H, oxidation in low-temperature plasmas [26-
28], as well as on extinction limit of low-pressure CH, diffusion flames [28,29], appears to be
relatively well understood. In particular, at temperatures far below ignition threshold radical
species generated in the plasma predominantly recombine and do not result in ignition, due to
near absence of chain branching processes.

Finally, the effect of low-temperature plasma-generated radicals on low octane number
fuels exhibiting cool flame chemistry vs. high octane number fuels, for which cool flames are not
observed, is not understood and requires further experimental and modeling studies. At
temperatures below the self-ignition temperature, plasma-generated O atoms (as well as other
radical or excited species) enhance alkyl radical (R) production (e.g. RH + O — R + OH). The
subsequent fate of the alkyl radical determines whether cool flame chemistry will occur or not
[30,31]. At high temperatures, the alkyl radical thermally decomposes to form smaller
hydrocarbons, delaying significant radical branching and heat release until later in the reaction
sequence and, more importantly, higher temperatures. At low temperatures, the alkyl radical may
form the alkylperoxy radical by reacting with molecular oxygen (R + O, — RO;). The
stabilization of RO,, followed by internal isomerization to form the hydroperoxyalkyl radical
(QOOH), and addition of a second O, molecule to form O,QOOH, results in significant radical
branching during the decomposition and further reactions of O,QOOH. Enhancing this low-

7



temperature cool flame sequence, and enabling it over a broader range of conditions, is desirable
for shortening ignition delays of large hydrocarbon fuels. The molecular structure of the fuel,
which affects octane number, influences the rates of R and QOOH formation, and how these
processes are altered by the plasma chemistry requires further study [32]. The role of 0,(a%4) is
of particular uncertainty in this low temperature reaction sequence.

5. Development of predictive plasma assisted ignition / combustion chemistry mechanism

Quantitative predictions of ignition by low-temperature plasmas requires knowledge of
rates of molecular energy transfer processes, such as electron impact excitation and dissociation
of air and fuel species, vibrational relaxation, rates and products of reactive quenching of excited
electronic states, reactions among charged species, as well as a mechanism of fuel oxidation via
“conventional” chemical reactions at low temperatures. Kinetic mechanisms of “conventional”
combustion [33,34] have been developed and validated for high temperature conditions and may
well be inapplicable at low temperatures typical for many plasma assisted combustion
environments. An illustration of this is found in a recent study [17] which compares absolute
time-resolved [OH] and temperature measurements by LIF in lean Hy-air and hydrocarbon-air
mixtures excited by a burst of nanosecond discharge pulses with kinetic modeling calculations,
using conventional hydrocarbon-air combustion mechanisms. Although modeling predictions
for Hp-air, CHy-air, and C,Hg-air agree with the data fairly well [17], the agreement between the
model and the data in CsHg-air is quite poor. This demonstrates the need for development of an
accurate, predictive plasma assisted combusiton chemistry mechanism. Predictive capability of a
plasma chemistry model involving such a large number of energy transfer processes and
reactions requires extensive, preferably built-in, Kinetic sensitivity analysis to identify the
dominant processes. ldentifying the reduced reaction mechanism is extremely critical, especially
for hydrocarbons, since kinetic modeling of coupled ns pulse discharge dynamics, energy
transfer in the plasma, and plasma assisted combustion requires incorporating a wide range of
time scales, ~10"? s — 10?5, and is very computationally intensive even in 1-D geometry [35].

Experimental validation of such a mechanism would require comparison with results of
plasma assisted ignition experiments at well-characterized conditions, using metrics that would
be sufficiently sensitive to kinetics used. The metrics used in conventional combustion Kkinetics
include laminar flame speed, as well as ignition delay time (e.g. measured in a shock tubes or a
rapid compression machine). In low-temperature plasma-assisted ignition, these metrics are
clearly insufficient since they also need to be correlated with measurements of parameters
controlling both plasma chemistry and conventional chemistry reactions, such as as number
densities of key radical species and temperature in the plasma. Since species number densitity
measurements using laser diagnostics require significant signal accumulation, this requires the
use of well-reproduced, repetitively pulsed plasma ignition cycles [36]. Time-resolved
temperature, N, vibrational temperature (in case of signiticant vibrational nonequilibrium), key
radical species (such as OH, O, or H), and at least one key dominant species (such as fuel or O,)
measurements during plasma-induced ignition (as illustrated in Fig. 7), appear to provide
sufficient amount of data for kinetic mechanism validation. Systematic validation would require
doing these measurements over a range or equivalence ratios, fuels, pressures, and energy
coupled to the plasma (e.g. number of discharge pulses). Note that single-shot ignition delay time



or ignition temperature measurements, such that obtained in a shock tube or a rapid compression
machine, do not lend themselves for time-resolved temperature and species number density
measurements.
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Figure 7. Experimental and predicted temperature and temperature and [OH] distributions across a burner
[OH] during ignition after a ns discharge burst in stabilized H,-O,-N, flat flame ($=0.5, P=25 Torr),
plane-to-plane geometry. H,-air, To=500 K, P=80 Torr, with (blue) and without (red) ns discharge burst (200
$=0.4, 115 pulses [36]. Temperature and T,(N,) are pulses) in plane-to-plane geometry. Squares and solid
measured by ps CARS at P=92 torr, 120 pulses [17]. lines: [OH], triangles and dashed lines: temperature.

An approach complementary to time-resolved measurements during repetitively pulsed
ignition cycles could be spatially resolved measurements of temperature and species number
densities across a premixed or diffusion laminar flame front, at the conditions when radical
species are generated by the plasma. These experiments would not require achieving well-
reproduced repetitive ignition, which requires operation at very low discharge burst repetition
rate, ~1 Hz, to remove combustion products from the test cell [36]. An example of these
measurements (by OH LIF [37]), along with modeling calculations, is illustrated in Fig. 8 [38].
Note that the effect of the plasma on flame speed and reaction zone location appears to be
relatively modest [23,24,37], and as such is unlikely to be a good metric for kinetic mechanism
validation. On the other hand, measurements of radical species and temperature distributions in
the preheat zone of the flame, especially at fuel-lean conditions when the effect of plasma is
most pronounced [37], may well be used for this purpose.

6. Effect of plasmas on non-premixed turbulent flames and reacting compressible flows

The effect of radical generation in nanosecond pulse discharge plasmas on blow-off
velocity and lean flammability limits in premixed and jet diffusion flames has been studied fairly
extensively [39,40], demonstrating stable combustion and flameholding at significantly higher
velocities and lower equivalence ratios compared to baseline. Recent experiments also provided
insight into the temporal response of a lean, premixed, weakly turbulent flame to nanosecond
pulse discharge excitation [41], suggesting that the plasma may help control combustion
instabilities, such as coupling between heat release and acoustic oscillations. However, the effect
of plasmas on non-premixed turbulent flames at high Reynolds numbers remains to be explored.
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In these flames, the presence of plasma may help prevent local extinction and/or accelerate re-
ignition by producing a pool of radicals at the locations where the local temperature and reaction
rates become too low to sustain combustion, due to the flow field turbulence and its interaction
with finite-rate chemistry. Additional work in this field, using quantitative laser diagnostics to
measure flow field velocity and scalars in turbulent flames in the presence of nonequilibrium
plasma is critical. In particular, high-frame rate (~10 kHz) turbulent flame imaging of velocity,
temperature and species concentrations (e.g. particle imaging velocimetry [42], OH PLIF [42],
Rayleigh scattering [43], Raman scattering [44], CH PLIF [45], and CH20 PLIF [46]), is
necessary to begin to understand the coupling between plasma kinetics and turbulent combustion
dynamics.

One of the most critical issues of plasma assisted ignition, combustion, and flameholding
in non-premixed high-speed flows is whether the plasma needs to be located in the airflow, in
fuel injection flow, or in a partially premixed region near the fuel injector. Since mole fractions
of hydrocarbon fuels in the mixture are typically fairly low, a few percent (even at stoichiometric
conditions), it appears that plasma excitation of airflow and generation of sufficient amounts of
excited electronic species and radicals, N, and O atoms, would be the obvious approach.
However, excitation of airflow upstream of the fuel injection port may result in significant loss
of excited species and radicals, both due to quenching and recombination and due to mixing with
unexcited air, thus diluting the radical pool. A similar problem exists with plasma excitation of a
partially premixed fuel-air region in the vicinity of a fuel injector [47,48]. Since rapid mixing of
fuel and airflow is critical for stable combustion, the radicals generated in the discharge may also
be significantly diluted in the flow, thus reducing the impact of plasma excitation. A recently
suggested approach [49] is to sustain the discharge partially in the fuel injection line and
terminate the current path in the combustor, such that the discharge filament would penetrate into
the flow with the fuel jet. The advantages of this approach include (i) radical generation in high-
speed fuel injection flow and their rapid transport into the airflow; (ii) discharge following a
high-speed fuel jet and thus penetrating deep into the airflow; and (iii) fuel-air mixing
enhancement. Simple analysis of high electron density plasmas in a high-speed flow [49], such
that local ionization / recombination balance is not affected by convection, demonstrates that a
steady-state discharge filament may exist only if the current vector is parallel to the flow velocity
vector in the filament, j IG. Recently, it has also been demonstrated that fuel-air mixing can be
enhanced significantly by unsteady oscillating discharge filaments [50]. Additional studies, both
experimental and coupled electric discharge / reacting compressible flow modeling, are
necessary to obtain quantitative insight into discharge behavior in high-speed compressible
flows, and its effect on ignition and flameholding.

Finally, one of the least explored problems in non-premixed, high-speed compressible
flows is the effect of plasma-assited ignition on combustion instability development. Evidence of
such instability, caused by strong coupling between pressure in the combustor and discharge
parameters (voltage and current), and resulting in high-amplitude oscillations of pressure and
flame front, was detected in recent supersonic combustion experiments [48]. A systematic
experimental study of this coupling is necessary to obtain insight into the instability development
mechanism, and possibly to control and suppress it.
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7. Summary

An overview of recent experimental and kinetic modeling studies of low-temperature
plasma-assisted combustion exhibits the following key challenges:

(i) Measurements and modeling predictions of electric field, electron density, gas temperature,
and N vibrational level populations in high-pressure pulsed fuel-air plasmas are necessary
for predictive insight into discharge energy partition.

(i) Measurements and modeling predictions of excited electronics states of N, and key radicals
(O, H, OH, and NO) are critical for quantifying their effect on pulsed fuel-air plasma
chemistry, including fuels exhibiting cool flame chemistry.

(iii) Development of predictive plasma assisted combustion chemistry mechanism requires a set
of temperature, N, vibrational temperature, and radical concentrations data during a
repetitively pulsed plasma-enhanced ignition process, or across a pulsed plasma-enhanced
flame. The results would help quantify the effect of “rapid” heating, and possibly reactions
of vibrationally excited molecules, compared to reactions of plasma-generated radicals.

(iv) Kinetic sensitivity analysis is necessary to identify the reduced reaction mechanism, which
can be incorporated into a practical discharge dynamics / energy transfer / plasma chemistry
kinetic model incorporating a wide range of time scales and a realistic geometry.

(v) Effect of plasmas on non-premixed turbulent flames needs to be studied using high frame
rate imaging of temperature and radical species concentrations fields.

(vi) Electric discharge dynamics and combustion instability development in reacting
compressible flows need to be studied experimentally and using a coupled electric discharge
/ reacting compressible flow modeling.
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