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Combustion Dynamics of Plasma-Enhanced
Premixed and Nonpremixed Flames

Xing Rao, Steve Hammack, Tonghun Lee, Campbell Carter, and Igor B. Matveev

Abstract—Combustion dynamics are investigated for plasma-
enhanced methane-air flames in premixed and nonpremixed
configurations using a transient arc dc plasmatron. Planar
laser-induced fluorescence images of hydroxyl (OH) and carbon
monoxide (CO) radicals are obtained over a range of equivalence
ratios (¢ = 0.7—1.3), flow rates (6—18 LPM), and plasma powers
(100900 mA) to monitor radical propagation and in situ fuel
reforming. The flow rates presented here are outside the range
of normal flame stability. In the nonpremixed mode, the fuel
is injected separately as a coflow around the plasma discharge,
resulting in a unique two-cone flame front geometry, and the flame
stability is mainly dependent on the flow dynamics. For premixed
flames, partial oxidation occurs inside the chamber, resulting in
higher energy conversion efficiencies, and stability is shown to
be sensitive to the combustion chemistry. Both configurations are
significantly influenced by in situ fuel reforming at higher plasma
powers.

Index Terms—Carbon monoxide, fuel reforming, hydroxyl,
laser induced fluorescence, plasma assisted combustion, premixed
and nonpremixed flame.

1. INTRODUCTION

LASMA-ASSISTED combustion, particularly that involv-

ing nonequilibrium discharges, is receiving much attention
due to its potential for increased efficiency, extension of the
flammability limit, reliable ignition in harsh operating condi-
tions, integration of alternative fuels with variations in burning
characteristics [1], [2], and for development of next-generation
hypersonic propulsion systems [3], [4]. The exact mechanisms
for flame enhancement by a plasma are still being actively
studied, but a number of studies have provided insight into
various aspects of this process [5]-[15]. Several pathways that
have been identified as important in the way electromagnetic
energy alters the reaction chemistry include the following:
decomposition of the fuel from larger to smaller hydrocarbons
and creation of radicals via collision with electrons; radiation-
induced electron excitation; increased flame temperature by
ohmic heating; and increase in excited state species, ions and
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electrons. Recently, the process of in situ fuel reformation,
where the fuel is converted rapidly to syngas (mixture of CO
and Hj), has also been proposed [10] as a key mechanism
of enhanced flame stabilization. Kim et al. [16] found that
H enhancement of hydrogen flame was not observed when
hydrocarbon combustion was enhanced under the same condi-
tion, indicating the role of fuel reforming in PAC system. The
reactions for in situ fuel reforming of methane are primarily
carried out by CH4 4+ HoO — CO + 3Hg, C 4+ CO2 — 2CO,
and C + HoO — CO + Hy [17].

From a practical perspective, the geometry of the plasma
discharge and the flame is also a critical parameter that influ-
ences both chemistry and the flow dynamics of the system,
and prototype systems have displayed many variations. In this
study, we investigate the impact of plasma on flame structure,
chemical species production (OH and CO), and energy effi-
ciency for premixed and nonpremixed flame configurations.
A quasi nonequilibrium plasma discharge from a transient-arc
dc plasmatron is used over a wide range of flow rates and
input powers to stabilize a methane—air flame. The plasma
and flame interaction can drastically change depending on the
relative location of the reaction zone and discharge, resulting
in varying degrees of thermal and nonequilibrium effects for
combustion enhancement. By understanding the impact of the
plasma discharge for these configurations, we can deduce op-
timized design guidelines for a new generation of practical
plasma-enhanced combustion systems with higher efficiency
and increased combustion stability.

II. TRANSIENT ARC DC PLASMATRON
(PREMIXED AND NONPREMIXED)

The discharge system used in this study is a transient arc dc
plasmatron [18]-[21] from “Applied Plasma Technologies” and
is shown in Fig. 1. The plasmatron exit has dimensions of 5 mm
for the inner diameter, and the arc chamber is about 50 mm in
length. This discharge system operates on a repetitive glow-
to-spark transition mode, offering the advantages of a ther-
mal plasmatron with low average power output, low average
temperatures (600 K-1300 K), and high electron density. The
torch operates primarily in the glow mode where high voltage
(~10 kV) is applied between the cathode (inner electrode) and
the surrounding anode. During the glow-to-spark transition, a
short duration spark (~100 ns) [18] or diffuse channel arises
and propagates toward the torch tip. As the overall temperature
is low, however, the electrode erosion is significantly less
than with traditional dc torches, and the torch can withstand
prolonged operation without internal cooling.
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Fig. 1. (Left) Schematic of transient arc plasmatron with cathode in the center
and two different inlets are used to get two different experimental setup. Images
for premixed (100- and 400-mA dc currents) and nonpremixed (0 and 400-mA
dc currents) flames of methane/air with equivalence ratio of 0.9.

There are two gas inlets in this discharge system: A lower one
is connected directly to the arc chamber, and a top inlet provides
coflow around the main exit of the torch, as shown in Fig. 1.
In the premixed mode, a mixture of fuel and air flows through
the lower inlet, while a nitrogen coflow is sent through the
top inlet to further stabilize the flame and cut off entrainment
of atmospheric oxygen. In the nonpremixed mode, air flows
through the lower inlet (to generate the discharge), and methane
through the top inlet. As this is an igniter for a combustor, it
is designed for high flow with plasma stabilization. Therefore,
most of the flow rates used in this study are conditions that
are too high for unassisted stabilization; however, a few low-
power nonpremixed mode settings where natural stabiliza-
tion can be achieved are also employed, as shown in Fig. 1
(far right for the nonpremixed flames). Here, images for pre-
mixed (100- and 400-mA dc currents) and nonpremixed (0 and
400-mA dc currents) flames of CHy—air are shown. It can be
seen that, in both modes, the height of the illuminated region is
increased with higher dc current due to the presence of a plasma
plume. For premixed flames, the reaction mainly occurs inside
the chamber at low dc currents, while at higher currents, the
discharge plume is observed outside the torch as the plasma is
not fully quenched inside the cavity. For nonpremixed flames,
the combustion occurs entirely outside the chamber (since there
is no fuel in the plasma chamber), and the center region shows
a bright white hue as the plasma plume interacts with the
flame. The anchor of the nonpremixed flame can be seen at
the base of the plasma plume. Both the size and luminosity
of the plume increase as a function of the input power. For
premixed mode, we are aware of the fact that partial oxidation
can, in some cases, happen inside the chamber, but it is still
important and interesting to investigate flame structure and
radical propagation for both modes, and in the discussion, we
have this in considerations.

III. RESULTS AND DISCUSSION
A. Impact on Flame Structure and Radical Concentration

In order to visualize the region of rapid radical propagation
and the extent of the hot reaction zone, hydroxyl (OH) radical
imaging was carried out. UV laser radiation near 283 nm
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Fig. 2. Single and averaged 2-D OH PLIF images as a function of increasing
microwave power for both (top) premixed flames and (bottom) nonpremixed
flames.

was used for planar laser-induced fluorescence (PLIF) of
OH using the Q:(8) transition from A?YT — X?II (1, 0)
[22]. A Lumonics Hyperdye HD-300 dye laser, pumped by a
Q-switched Nd:YAG laser, was used for generating 566-nm
radiation. The 566-nm beam was doubled in frequency through
an Inrad Autotracker (ATIII) to a final output frequency of
283 nm with linewidth of ~0.1 cm™!. The 283.029-nm laser
was expanded into a sheet using a two-lens telescope, and the
fluorescence signal was collected using an intensified CCD
camera with a Schott WG-305 filter for suppression of the
Rayleigh and surface scattering. It should be noted that the
ground state population of the N; = 8 state is relatively in-
sensitive to temperatures in the range of 1200 K-2300 K: The
peak Boltzmann population fraction occurs near 1600 K and
has decreased by less than 10% at 1200 K and 2300 K. We also
note that, due to the small size of this flame, absorption (of the
laser beam) and fluorescence trapping are not expected to be
significant.

Single and ensemble averaged OH PLIF images are shown
in Fig. 2 as a function of increasing microwave power for
both premixed (top) and nonpremixed flames (bottom). Average
images were based on the acquisition of 200 instantaneous
images. Here, the total flow rate for the reactants is 9 standard
liters per minute (SLPM) (referenced to STP conditions), and
the equivalence ratio is ¢ = 0.95. The equivalence ratio in the
nonpremixed case is defined here as the ratio between the fuel
and oxygen in the inner nozzle. At these conditions, combustion
power from the oxidation of the fuel is about ~500 W using
the lower heating value of methane. For first-order comparisons
showing rough magnitude and trend, measurements using a
thermocouple show that temperatures for premixed flames are
about 100 K-200 K higher than that in nonpremixed flames
for the same fuel flow rates. For premixed flames, the visible
flame luminosity and plasma volume increase with increased
current/power. The range for current is 100-900 mA in our
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Fig. 3.
ratios (right, total flow rate is fixed at 15 LPM) in premixed mode.

current research, resulting a discharge power of 150-750 W. At
low powers (~100 mA), the OH signal is lower than in a typical
premixed flame, presumably because a significant portion of
the oxidation reactions occur inside the arc chamber, where the
mixture initially comes in contact with the discharge. When the
dc current is higher, the reaction rates are expected to increase,
resulting in a more compact flame structure particularly as a
larger portion of the fuel is oxidized inside the chamber. How-
ever, the introduction of added species and charged particles
with more momentum (and new reaction chemistry involving
ions and electrons) gives rise to new chemical pathways, which
ultimately results in a higher concentration of OH radicals, such
as O(®P) + H,O — OH + OH and O('D) + H,0 — OH +
OH [23]. The sources of O(*P) and O('D) are believed to be
mainly from Oy + e — O(®P) + O('D) + e [24], which often
involves the Herzberg and Schumann-Runge systems of the
O, molecule.

As can be seen in Fig. 2, nonpremixed flames show a unique
two-cone flame structure: Within the inner cone, the main
oxidation of the fuel with the air from the plasma discharge
takes place; within the outer cone, combustion with the ambient
air also occurs. Overall, the height of the flame is larger for
the nonpremixed mode than for the premixed case, while the
flow appears to be more turbulent in the premixed flames due
to the shorter reaction zone than in the subsequent nonpremixed
flames with the ambient air. As previously stated, the outer cone
flame in the nonpremixed mode can be sustained without any
dc plasma power input for some of the lower flow rates used in
this study. In the nonpremixed flame, the reaction zone of the
outer cone remains relatively constant as power is increased.
However, the inner cone is dramatically increased as highly re-
active air interacts with the fuel. At powers exceeding 400 mA,
the OH LIF intensity for the inner flame front is much higher
than that for the outer one, and the flame stability is dominated
by the plasma discharge.

The number density of the OH was calibrated from the
LIF signal using a Hencken Burner with a near-stoichiometric
methane—air mixture in the weakly excited fluorescence regime
of OH. The uncertainty of the resulting OH number densities
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OH number density is plotted for different dc currents, total flow rates (left, equivalence ratio is fixed at 0.95 and for different dc current), and equivalence

is estimated as +20% of the indicated value. This accounts
for the uncertainty of the calibration number density (from
the original absorption measurements) and for the application
of the calibration to these flames (accounting for differences
in quenching rates, temperatures, laser sheet intensity, etc.).
In Fig. 3, the OH number density is plotted for different
dc currents, total flow rates, and equivalence ratios for the
premixed mode. In the left portion of Fig. 3, the equivalence
ratio is fixed, while the dc current and the total flow rate are
changed. The data points are taken at a fixed height in the
center of the reaction zone (shown in the inset) where OH LIF
is most intense. For low total flow rates (6 LPM), the flow is
not strong enough to propagate the nanosecond arc discharge
to the end of the plasmatron chamber, and most of the fuel is
partially oxidized inside the chamber, resulting in a low OH
concentration above the tip. It is clear that, with higher dc
currents (higher dc power), the OH number density increases
almost linearly with the input power. For different total flow
rates, it is noticeable that all the OH number densities at 100 mA
are less than 1016 ¢cm~3, which is the typical OH production
level in a Bunsen flame without plasma enhancement. This is
an indication that the plasma is mostly acting to dissociate and
preheat the fuel inside the arc chamber and combustion outside
is generally not influenced by the discharge itself. It can be seen
from Fig. 3 (right side) that OH is highest with an equivalence
ratio of 0.8 and is less at values of 0.9 and 1.0 [25], [26]. This is
due to the fact that OH production is, in this case, a combination
of direct coupling of the mixture inside the chamber and partial
coupling after exiting the torch, and higher OH concentration
in lean conditions indicates that the oxidation of lean mixtures
extends further out to the tip. The increase of OH number
density with dc power levels is a direct influence of the plasma
chemistry such as additional oxidation of product water vapor
(H20) by electron impact. H,O plays an active role in the
production of active radicals through direct electron impact
disassociation, i.e., e + HoO — H + OH + e, and reaction with
O('D) disassociated from Oo, i.e., O(*D) + HoO — 20H and
e+ Oy — O('D) + O(®P) + e [27]. These radicals, in turn,
result in increased OH production which can offset termination
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Fig. 4. OH number density with the same flow conditions (total flow rate is
9 SLPM, and ¢ = 0.95) but different currents for both premixed (from data
point, the same as in Fig. 3) and nonpremixed (two data points, one is the outer
flame front and the other is the inner flame front) flames.

reactions when the dc power is higher. If the power is further
increased, we anticipate that OH production pathways will be
saturated and reach a plateau.

A first-order comparison of OH densities for both premixed
and nonpremixed flames is shown in Fig. 4. In this plot, the
OH number densities are shown at the same flow rates, but
with increasing levels of power input for both flame geometries.
For the premixed flame, the data are extracted from a central
location identical to that shown in Fig. 3. For the nonpremixed
flame, the data are extracted from two locations, representing
the inner and outer cones, as shown in the inset of Fig. 4.

The OH number density in the premixed mode increases
by almost 100% from 100 to 900 mA of dc current input.
In contrast for nonpremixed flames, the OH number density
remains relatively stable on the outer flame front and is close
to the Burner flame OH production rates, which indicates that
the outer flame has little influence from the inside air discharge.
However, the OH number density in the inner flame front shows
an increase close to 750%, and the highest OH number density
reaches over 3 x 106 ¢cm™3, which is more than twice that
of the OH production of premixed flame at the exact same
condition. This shows that much of the flame enhancement for
the nonpremixed mode is carried out at the inner flame front
as the power is enhanced. For the inner flame, the significant
increase in OH number density comes from the active excited
species in the air discharge exiting the plasma chamber, includ-
ing atomic oxygen, which has been previously documented as
a significant factor for flame enhancement [8] and a cause for
increase in concentration of OH. A Chemkin simulation using
GRI-mech 3.0 [28] with a premixed burner model of flame with
methane and air shows that, with the addition of 10~* mole
fraction of atomic oxygen, the OH number density increases
by about 40%. This increase is lower than the increase in both
premixed mode and inner flame of diffusion mode indicating
other pathways for OH increase.
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Fig. 5. (Top) Averaged OH PLF images for all flow rates at premixed mode
with ¢ = 0.7,1.0, and 1.3. Averaged OH PLF images for (middle) 6 LPM and
(bottom) 15 LPM at nonpremixed mode with ¢ = 0.7, 1.0, and 1.3.

B. Flame Stability, CO Formation, and Energy Efficiency

The influence of geometry and other parameters on the flame
stability can also be observed from the OH PLIF images. Fig. 5
shows averaged OH PLF images for both premixed and non-
premixed flames at various flow rates and equivalence ratios.
The top row shows a premixed flame with a rate of 12 SLPM,
with equivalence ratios of @ = 0.7, 1.0, and 1.3. The bottom
two rows show a nonpremixed mode flow rates of 6 SLPM
(middle)/15 SLPM (bottom) with overall equivalence ratios
of  =0.7, 1.0, and 1.3. In the premixed mode, the figures
represented here are generally reproduced for all the flow rates
where the flame is stable at the end of the plasmatron tip for
leaner conditions; however, the flame tends to lift off at higher
equivalence ratios (¢ = 1.3, top row in Fig. 5). At high equiv-
alence ratios, the radical pool is poorly established, and the
fuel/air mixture tends to react more with ambient air, resulting
in combustion downstream of the exit. Nonpremixed flames at
low flow rates (6 SLPM, middle row in Fig. 5) do not reflect
this phenomenon, and the flame is stable over a wide range
of equivalence ratios. For higher total flow rates (15 SLPM,
bottom row in Fig. 5), the stability of the nonpremixed flame
is compromised; the outer flame is no longer visible in the
turbulent structure, and the two flame zones merge into a single
structure. The stability for these two configurations is different
in that the premixed mode appears to be more chemistry driven
and dependent on the equivalence ratio and the nonpremixed
mode is more dependent on the flow rates and the physical in-
teraction of the fuel and the plasma discharge itself. Overall, the
premixed mode can stabilize higher flow rates, but the smaller
dimensions of the combustion and sensitivity on the fuel and air
ratios can render the premixed mode more difficult to use.

The CO number density is measured using two-photon-
absorption LIF to investigate the in situ fuel reforming into
carbon monoxide (CO) and hydrogen (Hs), which is believed to
be a key mechanism for flame stabilization [10]. CO was mea-
sured with two-photon PLIF, using the B! — X%+ (0, 0)
transition at 230.10 nm [29]. A Sirah Precisionscan LG-2400
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Fig. 6. Averaged CO PLF images for (inset, top) premixed and (inset, bottom)
nonpremixed. CO number density is plotted with equivalence ratios of 0.7
(premixed and nonpremixed) and 1.1 (nonpremixed).

dye laser was pumped by a 532-nm beam from a Q-switched
Nd:YAG laser. The 653-nm output of the dye laser was sum-
frequency-mixed with the third harmonic beam (355 nm) from
the injection seeded Nd:YAG laser to produce 18 ml/pulse of
230-nm radiation (linewidth of ~ 0.1 cm™!). CO fluorescence
is then detected at 486 nm using an intensified CCD camera
fitted with an interference filter (10-nm FWHM). In Fig. 6,
averaged CO PLF images for premixed (inset, top row) and
nonpremixed (inset, bottom row) are shown, and CO PLIF
intensity is plotted for both modes with equivalence ratios of
¢ = 0.7 and 1.1. Due to the two-photon excitation of the CO,
the quality of the LIF signal for the nonlinear process is not as
high as that of OH and, coupled with a more diffused profile of
CO, did not resolve the two cones of the nonpremixed flame. It
should be noted that, because of the weak absorption, the laser
sheet is smaller and more focused near the center; therefore, a
dramatic drop of CO downstream is an artifact of the laser sheet.

In the lower portion of Fig. 6, the CO PLIF signal intensity
is corrected for the quadratic dependence [30] on the laser
power to reproduce a relative CO number density (a.u.), as
the irradiance is not high enough for photoionization to exceed
quenching, in our case, to influence the quadratic dependence
[31]. We can assume that an increase of CO in the reaction zone
is indicative of in situ fuel reforming which leads to a temporary
increase in hydrogen (Hz). The Hs to CO connection is only
valid for the reaction zone region and not reflected in the overall
byproduct as conversion to HyO and CO, occurs. For both
modes, CO LIF intensity is shown to increase with increased
dc current input. It is clear that, for nonpremixed and premixed
flames, CO LIF intensity for rich flames (¢ = 1.1) is higher
than that for lean flames (¢ = 0.7). Comparison between CO
number densities between premixed and nonpremixed flames
at equivalence ratio of 0.7 indicates that higher fuel reforming
is observed for the nonpremixed flame over the entire range
of powers used in this study. This is expected as a very rich
interface is established in the nonpremixed flame between the
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Fig. 7. DC power input with different current for air plasma, premixed flames,

and nonpremixed flames.

plasma discharge and the fuel. For both flame configurations,
we see a gradual rise in CO as power is increased. This
additional CO generated from the in situ reforming of the fuel
will contribute as a major mechanism for flame stabilization
by increasing the hydrogen content of the mixture. We have to
assume that CO increase also indicates temporary increase of
hydrogen. Increase of CO is about 30 a.u. in the premixed flame
and 40-50 a.u. in the nonpremixed mode for the same condition
over the power range from O to 800 mA.

For plasma-assisted combustion, energy consumption (the
energy needed for the same amount of air with the same
current can be used to show energy efficiency here) during the
coupling process is a critical parameter. Fig. 7 shows the actual
input power as a function of input current under identical flow
conditions. It is clear that most power is required for the air-
only plasma as significant energy is required for dissociation,
ionization, and vibration excitation of nitrogen, resulting in
significant NO,, generation [21]. When combustion is present,
the breakup of the nitrogen is assisted by the exothermic
reactions involving the fuel, and ionization threshold itself is
lowered. Therefore, the conversion efficiency to Hy and CO
is subsequently increased. In the premixed mode at lower dc
currents, power consumption is lower as fuel is injected into
the discharge chamber, and in situ breakup of CH, molecules
and plasma impact reactions further accelerate the reaction
chemistry. At higher dc current, however, the power consump-
tion for premixed and nonpremixed flames is seen to converge
as plasma impact reactions and fuel breakup are eventually
saturated for both configurations.

IV. CONCLUSION

A dc plasmatron characterized by a nanosecond glow-to-
arc transient has been used to investigate premixed and non-
premixed flames using OH LIF and CO two-photon-absorption
LIF. A unique two-cone flame geometry for the nonpremixed
mode, where the inner cone produced by the plasma enhanced
air mainly interacting with the flame. Partial oxidation inside
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the chamber for premixed flames here consumed less dc power
thus had higher energy efficiencies. For nonpremixed flames,
the flame is mainly stabilized by the reactive discharge of air in
the inner core, and the stability of nonpremixed flames is signif-
icantly influenced by the flow rates of the gases. By comparison
of OH PLIF images in both modes for different total flow rates
and equivalence ration, stability of premixed flames is more
dependent on chemistry. The OH number density for the inner
and outer cones indicates the increase of OH with increased
discharge power, while stability for nonpremixed case depends
on the inner cone from discharge. Two photon LIF measure-
ments of relative CO number density showed that CO number
density increases with high discharge power, indicating that
both configurations are significantly influenced by in situ fuel
reforming at higher plasma powers. In the future, we will work
on simulations with detailed discharge and combustion interac-
tion mechanisms and figure out important reaction pathways.
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