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The design and experimental operation of a compact microwave/rf applicator is described. This
applicator operates at atmospheric pressure and couples electromagnetic energy into a premixed
CH,4/ 0O, flame. The addition of only 2-15 W of microwave power to a premixed combustion flame
with a flame power of 10-40 W serves to extend the flammability limits for fuel lean conditions,
increases the flame length and intensity, and increases the number density and mixture of excited
radical species in the flame vicinity. The downstream gas temperature also increases. Optical
emission spectroscopy measurements show gas rotational temperatures in the range of 2500-3600
K. At the higher input power of =10 W microplasma discharges can be produced in the high
electric field region of the applicator. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3131623]

I. INTRODUCTION

In the past, many researchers have investigated tech-
niques that combine electrical energy with a flame. They
demonstrated the potential to modify the combustion process
with the addition of electric energy. dc and ac discharges,
dielectric barrier discharges (DBDs), rf discharges, pulsed
corona discharges, plasmatrons, and microwave discharges
were experimentally investigated for their ability to interact
with and modify premixed and diffusion flames.

In particular, it was found that by impressing an electric
field or high voltage into the flame, the flame stability limits
were extended, the flame propagation speed was increased,
and the flame chemistryl’2 was altered. As observed by vari-
ous research groups, the creation of reactive radicals or hy-
drogen generation resulted in combustion enhancement.
Studies of hydrocarbon-air and carbon monoxide-air pre-
mixed flames in rf discharge plasmas demonstrated that large
fractions of the fuels are burned in rf plasma generated
flames.® A dc plasmatron was used for the pretreatment of the
fuel to improve the combustion process and the conversion
of methane to hydrogen.4 In the DBD, the plasma power
increased the flame propagation rate, resulting in a faster
burn rate. The DBD has been usually used to investigate the
efficiency of the combustion process. Leaner burning condi-
tions can result when the flame is subjected to the nonther-
mal plasma discharge.s_7 In ignition, the combustion pro-
cesses are typically initiated by high temperature air or spark
discharges that cause the thermal decomposition of the fuels
into various highly reactive radical species. The utilization of
transient plasma during the formation phase of pulse-ignited
atmospheric discharges in a pulse detonation engine con-
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firmed that the transient plasma produces shorter ignition
delay times and pressure rise times compared to spark
ignition.8 This leads to cleaner combustion.

Microwave plasma-assisted hydrocarbon treatment was
initially investigated for internal combustion engine
improvementg_13 and for the conversion of hydrocarbons into
methane and acetylene gases.14 More recently the conversion
of hydrocarbons into hydrogen fuels has been investigated.15
The application of microwave energy has been shown to as-
sist ignition and flame holding, flame speed enhancement,
and flame extinction limits.'®!” The experiments of Zaidi et
al."” demonstrated that microwave flame interaction was
greatly enhanced with the use of a high Q microwave cavity
applicator.

Recently we developed an experimental microwave sys-
tem that enabled the repeatable controlled coupling of micro-
wave energy into a premixed flame.'® Microwave energy was
coupled into a flame that was located inside a high Q, tun-
able 17.8 cm diameter cylindrical microwave cavity applica-
tor. The idea of employing a tunable cavity applicator to
impress, focus, and match microwave energy into a load has
been applied earlier to material heating19 and to a variety of
microwave plasma source?’2¢ applications. This method of
microwave coupling and matching has been shown to be an
efficient and controllable method for coupling microwave
energy into dynamically varying loads such as microwave
plasmas and microwave heated material loads. Indeed, our
initial experimental results'® demonstrated that microwave
energy could be efficiently coupled into a combustion flame
that was placed inside a tunable microwave cavity. However
this microwave applicator system was physically large, and
therefore additional improvements were desirable. In particu-
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FIG. 1. (Color online) Combined thermal oxidation and plasma in a pre-
mixed flame adapted from Ref. 31. Radicals are formed in &, they oxidize
reactants and form intermediates (such as CO and H,) in &;, and final
products (such as CO, and H,0) are formed in &y;.

lar a reduction in the applicator size and a further improve-
ment in the microwave coupling efficiency were desirable.

In this paper we describe an improved experimental mi-
crowave plasma-assisted combustion apparatus, which em-
ploys a more efficient and more compact microwave appli-
cator that positions the flame in a region of high microwave
electric field strength. The applicator consists of a tunable
re-entrant coaxial cavity20 that has been modified to allow
the combustion flame to be excited in a small (=2 mm)
variable gap located in a high electric field region of the
applicator. The impressed electric field modifies the combus-
tion process by coupling energy into the electron gas that, as
shown in Fig. 1, exists even when no plasma is present. The
addition of microwave energy increases the electron tem-
perature and also through ionizing collisions increases the
electron density. This electron gas is shown with and without
the application of microwave energy in Fig. 1. Finally, as the
impressed microwave electric field is additionally increased
microplasma, microwave discharges can be produced in the
gap region, further modifying the combustion process. These
microwave microplasmas have the interesting potential of
producing nonlocal thermal equilibrium plasmas at atmo-
spheric pressulret.27’28 The description of the applicator and its
initial exploratory performance are presented below.

Il. EXPERIMENTAL SYSTEMS

A. The coaxial applicator

Figure 2 displays the microwave re-entrant cavity appli-

FIG. 2. (Color) Photograph of the overall microwave re-entrant cavity ap-
plicator adjacent to a 1 in. silicon wafer.
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FIG. 3. (Color) Photograph of the re-entrant cavity showing the microwave
applicator exciting a premixed flame.

cator placed adjacent to a 1 in. diameter silicon wafer, and
Fig. 3 shows the microwave applicator exciting a combustion
flame. The cylindrical applicator has a 3.5 cm diameter and
length of 12 cm. As shown in Fig. 3, the microwave excited
flame extends through a circular hole at the end of the appli-
cator. Thus, the flame reaction zone can be observed outside
the applicator. Microwave coupling occurs in a variable gap
L, located at the open end of the applicator.

Figure 4 displays a cross-sectional view of the cylindri-
cal cavity applicator. The applicator is a short-gap, re-entrant
brass cavity excited in the transverse electromagnetic (TEM)
mode with three continuously variable tuning lengths: (1) a
variable short length L, (2) a variable coupling loop position
L,, and (3) a variable gap L,. The electromagnetic excitation
region consists of an outer cylinder (4) with a 3.2 cm inside
diameter, a 1.2 cm outside diameter, inner coaxial cylindrical
center tube (5), a length adjustable sliding short (6), and an
endplate (7) that is soldered to the outer cylinder (4). These
cylindrical brass conducting pieces [(4)—(7)] form a continu-
ous, adjustable conducting path within the excitation region.
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FIG. 4. The cross-section of the microwave re-entrant coaxial cavity appli-
cator.
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Thus, the cavity applicator is a variable length coaxial trans-
mission line that is short circuited at one end. In the absence
of a flame it has a capacitive gap at the other end.

Microwave energy is coupled into the cavity via a mi-
crocoaxial cable (8), which is terminated with a coupling
loop (9). The input coupling cable (8) and loop (9) can be
adjusted for optimal coupling by varying the position L, (2)
and its orientation (phi, ¢). A brass nozzle plug (10) is in-
serted into the end of the center conductor (5). The brass
nozzle has top circular surface of 4.8 mm in diameter with a
tapered section 0.7 cm in length extending from the top sur-
face to the opening of the center conductor (5). The brass
nozzle is press fitted into the inner conductor (5). The gap
length L, (3) can be varied by =5 mm above and below the
x=0 reference plane shown in Fig. 4 by varying the indepen-
dently adjustable center conductor (5). Input feed gases flow
through a brass tube (11) located inside the inner conductor
(12), which is coaxially placed inside the center conductor
(5). Combustion gases, oxygen and methane, exit through a
0.4 mm diameter orifice (13) into the cavity capacitive gap
region. A Teflon spacer (14) is placed between the center
conductor (5) and inner brass tube (12) to provide support
for the gas feed and water cooling systems. The brass tube
(12) is water cooled (water cooling is not shown in Fig. 4) in
order to prevent the plug (10) from overheating during mi-
crowave energy interaction with the flame. The premixed
flame (15) and its inner cone (16) are located at the end of
the nozzle. A 1 cm diameter circular hole (17) at the end
plate enables the gases and the flame to exhaust and extend
out of the cavity applicator.

In the experiments reported here, the cavity applicator is
excited with 2.45 GHz energy, and the applicator is excited
in the TEM coaxial wave mode. The cutoff frequency of the
next lowest mode for the coaxial waveguide, i.e., the TE;
mode, is 5.4 GHz; hence only the TEM mode can be excited
in the coaxial section of the cavity. The wavelength N for the
TEM mode is the free space wavelength and is ~12.24 cm
at 2.45 GHz. The cavity quality factor Q is a measure of the
electromagnetic energy loss per cycle of the resonant appli-
cator. Lower loss implies a higher Q. The empty nonflame
cavity Q depends on the condition of the cavity walls, sliding
short, etc. and varies between approximately 500 and 1000.
When the applicator is adjusted with a small gap, the length
of L, for resonance is approximately less than a quarter
wavelength. As is shown in Fig. 5 the microwave energy is
concentrated around the “gap region” at the end of the nozzle
where the flame is located. This plot is obtained numerically
using “rf electromagnetic solver” module of COMSOL MULT-
IPHYSICS computer program. The electromagnetic waves
solver allowed us to visually predict the electric field distri-
bution within the coaxial cavity structure. In Fig. 5 the rela-
tive electric field strength is indicated by the length of the
arrows. When the applicator is adjusted for resonance the
electric field intensity is the highest in the gap region. When
the cavity is empty, i.e., when the flame is not ignited, the
cavity can be adjusted by tuning the gap length L, and the
sliding short position L, to a critically coupled resonance.
Then the applicator is matched to the external 2.45 GHz
power supply. This impedance matching increases the micro-
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FIG. 5. (Color online) Numerically calculated relative electric field distri-
butions inside the coaxial applicator with no flame/discharge present. The
lengths of the arrows indicate the relative magnitude of the electric field
strength. Frequency=2.45 GHz, cavity ID=3.2 cm, L;=3.1 cm, inner con-
ductor OD=1.2 cm, and LK:Z mm.

wave electric field intensity in the gap region. When the
applicator is matched the gap electric field can also be varied
by changing the input power. The applicator has a very small
excitation volume, and given a specific input power it oper-
ates with a large impressed electromagnetic power density.

The tuning adjustments and the microwave matching of
this cavity have already been demonstrated with both low
and high power microwave excitation levels in microwave
discharge applications.zo’22 As the flame loading changes due
to changes in input gas flow rates, gas mixtures, and varia-
tions in the input power, the applicator must be slightly re-
tuned to achieve an efficient matched operating condition.
The tuning adjustments that are necessary for matching the
microwave energy into the cavity are (1) gap length L,,
(2) sliding short length L;, (3) coupling loop length L,, and
(4) ¢ positions. All tuning variables, i.e., L,, L;, L,, and loop
orientation ¢, are continuously variable. Typical experimen-
tal operating positions are L,=0.1 cm, L;=2.8 cm, L,
=0.2 cm, and ¢=180° (i.e., the loop lies in the plane of
Fig. 4).

B. The equivalent circuit of the applicator
In order to understand the coupling between the flame

and the microwave energy we developed an equivalent cir-
cuit model of the applicator system. Figure 6 displays such
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FIG. 6. Equivalent circuit of the microwave re-entrant cavity applicator.
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an equivalent applicator circuit. For simplicity the micro-
wave losses due to the surface currents on the coupling loop
and the application are neglected. The circuit consists of a
variable length (L;—L,), 50 () transmission line, which ex-
tends from the sliding short to the gap region, the coupling
loop circuit, and the gap circuit. The impedance of the
shorted transmission line is given by Z.=;50 tan By(L,
—L,)=jXjine> Where Z is the input impedance of the shorted
line, Zy=50 is the characteristic impedance of the coaxial
applicator, (L;—L,) is the length of the transmission line, and
Bo is the propagation constant of the line and is equal to
2m/N\, where \ is the free space wavelength.

The coupling loop is modeled as an ideal transformer
with an n: 1 turns ratio and the lumped circuit reactance jY;.
This reactance represents the stored energy of evanescent
fields associated with the near electric field of the loop. The
coupling loop circuit is connected to the microwave power
generator and the external microwave power measurement
system. These external circuits are shown in Fig. 6 as an
equivalent transmission line with a characteristic impedance
of Z,. This transmission line is connected to the microwave
power supply and is modeled as an internal impedance of Zy
(Zy is approximately equal to Zy) and an equivalent ideal
voltage source V. The gap region is modeled as an equiva-
lent circuit consisting of a lumped capacitor C and resistor
G, which are connected in parallel with each other and with
the sliding short transmission line and the input coupling
circuit. The capacitance is the equivalent lumped circuit ca-
pacitance C that is produced by the strong electric fields that
exist at the end of the applicator between the center conduc-
tor nozzle plug (10) and the endplate (7) (see Fig. 4). When
there is no flame present, we assume for simplicity that the
gap conductance is infinite, i.e., G=2, neglecting the micro-
wave losses due to the surface currents on (7) and (10).
Then, for simplicity the gap is modeled as an equivalent
parallel plate capacitance that is given by

_ E0Aesr

Ly

C (1)
where A is defined as the equivalent effective parallel plate
area of the gap region and L, is the gap spacing referred to
the x=0 plane. When the gap length is varied, A, also
changes.

When the flame is ignited, the gap capacitance is further
modified by the presence of the hot neutral gases and the
low-density electron and ion gases produced by combustion.
Microwave energy is introduced into the applicator by ad-
justing the applicator to an electromagnetic resonance at the
2.45 GHz excitation frequency, and then the microwave en-
ergy is coupled into the flame via Ohmic heating of the flame
electron gas. The flame loaded gap impedance then becomes
complex and has a real part represented by the conductance
G and an equivalent effective gap capacitance C shown in
Fig. 6. The conductance G represents the equivalent resis-
tance produced by the Ohmic heating losses due to the cou-
pling between the microwave energy and the flame electron
gas, and the gap capacitance can be modeled as equivalent
plasma filled capacitor (see as an example of such a capacitor
in Ref. 29). As the impressed microwave power increases the
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densities of the electron and ion gases in the flame increase
due to increased inelastic collision processes. The effective
gap impedance is expected to be further changed by the pres-
ence of these higher charge densities and the Ohmic heating
losses and at the higher input microwave power levels also
due to the formation of microdischarges between the edge
surfaces of (7) and (10) in Fig. 4.

At resonance, jY; is usually much larger than the admit-
tance of the gap and usually can be neglected. When the
applicator is adjusted for resonance the capacitive reactance
of the flame and plasma loaded gap must be canceled by the
inductive reactance of the short-circuited transmission line.
This can be expressed mathematically as

]X +jX1ine=0’ (2)

gap

where jX,,, is the effective capacitive reactance of the gap
and jXj;,. is the reactance of the short-circuited transmission
line. The capacitive reactance of the gap region is given by

I S |
/ P iwC wC’
Thus Eq. (2) becomes

ngap = _jXIine = _]50 tan BO(Ls - Lg)? (4)

3)

where By=w/c and c is the speed of light. Noting that L;
> L, and solving for L, yield

50wC> ' ®)

If C is small we have ByL,=7/2 and L;=N/4, and then for
all C, as C increases, the line resonant length becomes
shorter. Thus,

BoL, = tan‘l(

LSSM<(§Q3.1 cm). (6)
4 4

This result indicates that the resonant length L, is less than a
quarter wavelength and varies with the gap reactance. The
experimentally observed lengths L, vary from 1.9 to 2.8 cm
depending on the gap size and the flame and microplasma
loading. As the loading varies due to the changes in the
chemistry, flow rate, or microwave input power, the applica-
tor length L, and/or the gap length L, must be slightly varied
to achieve optimal coupling and a microwave matched appli-
cator.

C. The external microwave circuit and gas handling
systems

Figure 7 displays the external microwave circuit. All ex-
periments were performed in open air at atmospheric pres-
sure. The microwave oscillator is a 2.45 GHz, continuously
variable 0-100 W power supply. It is connected to one port
of a three-port circulator via a 50 dB directional coupler,
which measures the incident power P;,.. Another port of the
circulator is connected to a 30 dB directional coupler, which
measures the reflected power P, This 30 dB directional
coupler is connected to a matched load, which absorbs any
reflected signal from the transmission mismatch. Thus input
power absorbed by the applicator and the flame is Py,
=P;,.— P All of the microwave circuit components are
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FIG. 7. Experimental setup for the microwave applicator combustion system operating in air at atmospheric pressure.

connected by 50 ), low power flexible coaxial cables. The
cross-sectional view of the microwave applicator and the in-
put gases handling system is also shown in Fig. 7. The gas
handling system consists of flow meters and gas bottles for
methane, oxygen, nitrogen, and argon. The premixed gas,
which is regulated by the mass flow controllers, flows
through the inner conductor of the applicator from gas feed
tanks. A digital camera and/or spectrometer capture the flame
image and its emission intensity, respectively, outside the
cavity applicator end plate.

lll. RESULTS AND DISCUSSION

A. Influence of microwave coupling on the flame
structure

Figure 8 displays the visual images of the plasma flame
as the input microwave power levels were varied from 0 to
20 W. The CH,/O, input gas flow rate was held constant at
49/98 SCCM (SCCM denotes standard cubic centimeter per
minute at STP) as the input power was gradually increased
from 0 to 20 W. As the input power is increased the length,
width, and intensity of the flame also correspondingly in-
crease, and the flame color also changes, suggesting a change
in the combustion process due to the presence of different
radicals. When subjected to the increasing microwave power,
the length of the flame increases gradually from about 2 up
to 10 mm. Even at the low input power levels of 3-8 W the
flame size and intensity increase, suggesting that at these
low input impressed power levels, microwave energy is
coupled into the electron gas, which in turn transfers its en-
ergy into excited radicals. At the higher input power levels of

20
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0
ow 4W 8w 10W 14W 18W 20W —

FIG. 8. (Color) Visual images of combustion flames as microwave power
levels are varied from 0 to 20 W for flow rates of 49/98 SCCM CH,/0O,. The
gap length is L,=1 mm below the x=0.

10-20 W the flame continues to increase in size and inten-
sity, and the flame appears to have a strong interaction with
the microwave input energy, resulting in additional ioniza-
tion and in an increase in electron and ion densities; and
under certain conditions microplasmas appear in the gap re-
gion between the edge conducting surfaces of (7) and (10) in
Fig. 4. At microwave power levels greater than 15 W the
power coupled into the applicator is approaching or is of the
same order of magnitude as the combustion flame power,
which is 29 W. Thus, at the higher power levels shown in
Fig. 8 “hybrid flame” is produced. This behavior is similar to
that reported carlier'® in the larger cavity applicator except
here; the changes in the flame occur with much lower input
microwave power levels, and changes in the appearance of
the flame are more gradual and continuous versus increases
in input power. Clearly, the coupling of microwave power
into the premixed flame changes the physical appearance of
the flame, and the microwave energy coupling is more effi-
cient, i.e., with only a few watts to 10 W instead of 30-50 W
as reported earlier’® with the larger, less efficient applicator
system.

A closer view of the flame is displayed in the photos in
Fig. 9. It was observed that as microwave input power is
applied to the combustion flame, the intensity of the flame
inner cone in the ignition zone increases, and the cone shifts
slightly up stream as the input power increases. Furthermore,
as observed in Fig. 8, as the input power increases, the size

10

:

oW

10W

FIG. 9. (Color) Visual images of the inner cone premixed flame reaction
zone with increasing microwave power at flow rates of 70/140 SCCM
CHy4/0,.
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FIG. 10. (Color online) Plasma flame volume vs total flow rates at 0 and
15 W microwave power with its corresponding combustion flame power.

and intensity of the flame downstream “afterglow” increase.
This suggests that as the microwave power is coupled into
the flame the downstream, chemical activity and energy of
the combustion flame increase. Also, microplasma formation
is observed, which can be seen in the 10 W picture in Fig. 9
as an increased intensity, outer pink ring of excited species.
Since the operation of the premixed flame is at atmospheric
pressure, the plasma region in the flame is relatively thin,
and the microwave heating of the electron gas takes place in
or near the intense cone region of the flame. When the elec-
trons are excited and heated their inelastic collision rates
with the neutral gas molecules are increased, and electron
and ion impact reactions can significantly impact the hydro-
gen chemistry of the fuel. In particular, it can lead to changes
in the C| and C, chemistry and heat release channels involv-
ing CO and CO, conversion by introducing new and inter-
mediate species and radical byproducts that result in a larger
visual downstream flame volume. The appearance of yellow-
ish color at the flame edge downstream at higher microwave
power above 10 W (see Fig. 8) could be due to emission
from alternative species, nitrogen entrainment, and changes
in species concentration. This compact applicator design
with the tapered coaxial inner conductor focuses a strong
electric field onto the flame region located at the nozzle tip,
enabling the efficient coupling of microwave energy into the
flame.

Figure 10 displays the variation in flame volume versus
flow rate without microwave power and with a constant 15
W of input microwave power. As shown the total flow rates
are varied from 45 to 240 SCCM with a stoichiometric ratio
of CHy/ 02=%. The “flame volume” is calculated based on
the brightest luminescence of the visual images that are ob-
tained from photographic measurements. Two rulers are
placed right by the combustion flame vertically and horizon-
tally as a reference point to measuring the length and diam-
eter of the flame. Then, the two dimensional images conical
shape obtained from the camera photographs is quantified.
The appearance of the afterglow and outer layer of the flame
on the visual images was not taken into account for these
volume calculations. The combustion power for each data
point is approximated using the higher heating value for gas-
eous methane based on stoichiometric combustion.

As shown in Fig. 10 the flame volume increases for both

Rev. Sci. Instrum. 80, 053507 (2009)

21

—%- 18 | #Pc=a7W .
*

® Pc=29 W
E 15
£ APe=15W
3 12 ¢
5 s i B

g °
& ‘ o *
‘g 6 - * o :
® 3 ¢ o © ®
o e * * * * °

00 o ¢ o ¢

T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Absorbed Microwave Power (W)

FIG. 11. (Color online) Plasma flame volume with increasing microwave
energy at various total flow rates with its corresponding combustion power.
P. is the combustion power at each flow rate.

combustion only (0 W) and also with the addition of 15 W of
microwave power. These results are expected since higher
total gas flow results in a larger diameter and a longer flame.
The increase in flame volume with the application of micro-
wave power suggests that the plasma is impacting the flow
velocity prior to flame reaction and the increase in flame size
past the reaction zone is an indication that the reaction itself
is being energized. As shown in Fig. 10, as the microwave
input power increases, the flame volume increases more dra-
matically when the total flow rates are higher as compared to
the corresponding increases for lower total flow rates.

Figure 11 shows the variation in the flame volume for
three flow rates versus absorbed microwave power. The three
different flow rates of CH,/ O, are 75/150, 50/100, and 25/50
SCCM. As displayed visually in Fig. 8 and also as can be
seen from the plot in Fig. 11, the volume of the flame in-
creases as the microwave power varies from 0 to 25 W.
Again, the higher total flow rates resulted in larger flame
lengths and diameters.

B. Flammability limits

In terms of flammability limits, i.e., the limit of the flame
to sustain itself in a fuel rich or fuel lean mixture ratio, the
extension of the flame discharge to leaner burning operating
conditions is shown Fig. 12. We conducted the blowout tests
holding the oxygen flow constant and lowering the methane
flow rate until the flame blew out. The x-axis of the graph
represents the total flow rates of the fuel and oxidizer. The
y-axis represents the equivalence ratio (ER), which is defined
as the volume flow rate ratio of the experimental fuel/
oxidizer divided by the fuel/oxidizer for stoichiometric burn-
ing of CH4/0O,, which is 1/2.

ER = (VCH4/V02)/(1/2) 5 (7)

where Vcy, and Vo, are the total flow rates of the fuel and
oxidizer gas. The addition of 3 W of microwave power to the
combustion flame can lower the ER compared to combustion
only. The addition of 6 W or higher of microwave power
allows operation at lean burning conditions to the point of
zero fuel, i.e., ER=0.
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FIG. 12. (Color online) Flame extinction curves for combustion flames with
0, 3, 5, and 6 W additional of microwave power. The corresponding com-
bustion power is displayed for each data point.

C. Optical emission spectroscopy measurements

Spectroscopic optical diagnostics on spectra intensity
and gas temperature were performed. The CH radical species
was used to determine the temperature of the plasma flame.
The rotational temperature of CH in the plasma flame was
measured at various microwave power levels and different
ERs. The calculation method employed was by using the
relative intensity of the rotational lines associated with the
system 1, A2A — X?I1 (0,0) pure rotational electronic transi-
tions with the chemiluminescene located near 430 nm. The
spectroscopic measurements were conducted across a line of
sight passing through the reaction zone, i.e., near the cone
region on the centerline of the plasma flame in a core part of
the flame a few millimeters above the nozzle orifice surface.
The relative upper level energy and its associated constants
for the rotational temperature calculation are used as de-
scribed in Ref. 30.

Optical emission wide scans of combustion only and
combustion with the addition of 10 W of microwave power
into the combustion flame are depicted in Fig. 13. The emis-
sion spectra were scanned from 3000 to 6000 A visible
wavelength. Clearly, with 10 W addition of microwave ab-

3000
N2 ~——Microwave power added
2500 A —— Combustion only
2000 A CH
1500 1 OH

1000 4

Relative Intensities (a.u)

500 +

- )

3000 3500 4000 4500 5000 5500
Wavelength (Angstrom)

0 Jostnne

FIG. 13. (Color online) Optical emission spectroscopy spectra scan of com-
bustion flames with and without addition of microwave power energy into
the flame. Flow rates: 50/100 SCCM CH,/O,; microwave input power:
10 W.
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FIG. 14. (Color) Optical emission spectroscopy nitrogen line spectra of the
plasma flame with 0, 3, 5, 7, and 10 W addition of microwave power into
the combustion flame. Note that 0 and 3 W spectra are overlapping.

sorbed power to a flame with a combustion power of 29 W,
the intensity of the spectra increases dramatically compared
to combustion only. This clearly indicates that the micro-
wave energy input alters the combustion flame. The nitrogen
electronic excitation and other molecules are also detected
when microwave power is added into the combustion flame.
Shown in Fig. 14 are the optical emission spectra for a ni-
trogen emission without and with the addition of microwave
power from 3 to 10 W. The spectral intensities were in-
creased with only 5 W of input microwave power. With the
application of microwave energy, the excited flame front was
altered and the number of excited states of species was in-
creased.

Figure 15 shows the CH rotational temperature of the
hybrid plasma flame at various microwave power levels for
three different flow rates, fuel lean (ER=0.6), ideal (ER
=1.0), and fuel rich (ER=1.4). The measured rotational tem-
peratures range from 2500 to 3600 K. The temperature in-
creases as microwave power is added into the combustion
flame. The influence of microwave power on the plasma
flame temperature was more pronounced when operating at
much leaner flames. Among the three different equivalent
ratios, the highest temperature was obtained under fuel lean
conditions.

D. Microwave energy and flame coupling mechanisms

As shown in Figs. 4 and 5, when the flame is ignited, the
inner cone of the flame as well as some part of the down-

4000 -

3800 -

3600 -

3400 -

3200 -

3000 1

2800

2600 =ER=1.0

2400 1 AER=14

2200 - +ER=06

2000 . . : : : . .
0 5 10 15 20 25 30 35

Temperature (K)

Absorbed Microwave Power (W)

FIG. 15. (Color online) Plasma flame temperature as microwave power is
added into the flame at three different equivalent ratios CH,/O,: 70/100,
50/100, and 25/100 SCCM. ER is the equivalent ratio that corresponds to
flame fuel composition with ER=1.0 as the stoichiometric/ideal flame.
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stream afterglow of the flame is located in the high electric
field gap region of the applicator. Thus, any electron gas that
exists within the flame due to combustion is also located in
the high electric field region of the flame. It is expected that
the combustion-produced electron gas is localized and will
have densities much lower than the critical density
(<10"/cm™ for 2.45 GHz excitation). Thus, the flame
plasma is low-density plasma and the impressed microwave
electric fields freely penetrate the electron gas to accelerate
the electrons between collisions. In this atmospheric flame
(T,=2500-3600 K) the mean free path (MFP) for the elec-
tron molecule/radical collisions is of the order of 1 um. The
collision frequency for momentum transfer is of the order of
10''/s. Thus the microwave electric field will heat the elec-
tron gas via elastic electron—neutral collisions, i.e., electron
gas heating occurs by a collisional or Ohmic heating process
that is governed by the following equation:

2 2 R
(P (7) = Lol ( U 2)|E(F)

2 2m,, w2+vm

e~m

% (8)

where (P, )(7) is the absorbed microwave power density in
W/cm?, n.(7) is the electron density in cm™ versus position
¥ in the electron gas, v, is the electron neutral collision fre-
quency for momentum transfer, w=2mf is the angular fre-

quency, and E(F) is the impressed electric field strength.
Typically for our gas temperatures and pressures, v, is in the
order of 10-20w.

When the microwave energy is coupled into the
applicator/flame load, electron gas heating takes place, and
the electron gas temperature 7, increases above the gas tem-
perature T, (T,>T,) creating a nonequilibrium plasma. As
the microwave electric field and microwave power are in-
creased the electron temperature will increase to the level
where some electron—neutral collisions are inelastic.
Through this inelastic collision process the microwave ex-
cited electron gas produces new radical and excited species.
If electric field strengths and power levels are further in-
creased, ionization collisions may also occur. When the im-
pressed electric field strength is sufficient to cause break-
down, microplasmas can be produced in the region between
the conducting surfaces of (7) and (10) in Fig. 4. Microwave
electron gas heating is expected to occur in or very near the
inner cone region of the flame. Since the MFPs for collision
processes are very small (of the order of 1 wm), the radical
and ionized species will also be produced in or directly ad-
jacent downstream from the electron gas. As the excited neu-
tral gas flows downstream the radical and excited species
de-excite and recombine through three body collisions,
thereby increasing the local gas temperature. The gas tem-
perature of the downstream microwave excited flame is con-
sequently expected to increase as the input microwave power
is increased.

IV. DISCUSSION

A coaxial re-entrant cavity applicator has experimentally
demonstrated the microwave energy excitation of a premixed
flame. The applicator couples and focuses the microwave
energy into a small gap region where the flame is positioned.

Rev. Sci. Instrum. 80, 053507 (2009)

The mechanical tuning of the applicator allows for the effi-
cient matching of microwave power into the flame and also
allows the optimal positioning of the flame with respect to
the impressed electric field. We have demonstrated that by
coupling microwave power of less than 10 W into the
combustion-premixed flame, the flame intensity, length, vol-
ume, and temperature are altered, and as the power is in-
creased from 10 to 20 W, microplasmas are produced in and
adjacent to the flame. Microwave energy can be continuously
coupled into the flame from a few watts to over 30 W, re-
sulting in a range of hybrid flame behaviors. That is, at the
very low input power level microwave energy may directly
interact with the flame electron gas, and as the input power
level is increased further inelastic processes become impor-
tant, resulting in the formation of microplasmas. Additional
experimental investigations are required to understand the
details of these complex microwave energy/flame coupling
interactions and also to understand the properties of the re-
sulting hybrid flame.

This applicator system is more compact and has a higher
microwave coupling efficiency than earlier microwave
applicators that were used in microwave plasma-assisted
combustion investigations.”’18 Our initial experiments indi-
cate that the applicator can be optimally matched to the ex-
ternal input transmission line and microwave oscillator cir-
cuit. Only a few watts of microwave power are necessary to
modify the combustion process. Clearly, the applicator “tun-
ing” and the improved microwave focus greatly enhance the
microwave flame coupling efficiency. The applicator itself
and the entire input waveguide system consist of coaxial
waveguides and coaxial cables, yielding a compact overall
microwave system. The applicator’s inherent efficiency may
allow it to be excited with compact low power solid-state
microwave power supplies, thereby yielding a compact, por-
table overall hybrid microwave plasma combustion system.
This applicator-coupling concept can be scaled up to larger
burner sizes. Because of the coaxial structure it can be ex-
cited with lower frequencies (less than 1 GHz, even down to
megahertz frequencies). It is expected that the many variants
of this applicator will find uses in plasma-assisted combus-
tion investigations related to improved combustion stability,
improved ignition, pollution reduction, surface treatments,
and material processing applications.
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