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Abstract

An experimental setup for microwave stimulation of a turbulent flame is presented. A low-swirl

flame is being exposed to continuous microwave irradiation inside an aluminum cavity. The cavity is

designed with inlets for laser beams and a viewport for optical access. The aluminum cavity is

operated as a resonator where the microwave mode pattern is matched to the position of the flame.

Two metal meshes are working as endplates in the resonator, one at the bottom and the other at the

top. The lower mesh is located right above the burner nozzle so that the low-swirl flame is able to

freely propagate inside the cylinder cavity geometry whereas the upper metal mesh can be tuned to

achieve good overlap between the microwave mode pattern and the flame volume. The flow is

characterized for operating conditions without microwave irradiation using Particle Imaging

Velocimetry (PIV). Microwave absorption is simultaneously monitored with experimental

investigations of the flame in terms of exhaust gas temperature, flame chemiluminescence (CL)

analysis as well as simultaneous planar laser-induced fluorescence (PLIF) measurements of

formaldehyde (CH,0) and hydroxyl radicals (OH). Results are presented for experiments conducted in

two different regimes of microwave power. In the high-energy regime the microwave field is strong

enough to cause a breakdown in the flame. The breakdown spark develops into a swirl-stabilized

plasma due to the continuous microwave stimulation. In the low-energy regime, which is below

plasma formation, the flame becomes larger and more stable and it moves upstream closer to the

burner nozzle when microwaves are absorbed by the flame. As a result of a larger flame the exhaust



gas temperature, flame CL and OH PLIF signals are increased as microwave energy is absorbed by the

flame.

Introduction

Research on plasma-assisted combustion (PAC) has attracted increasing interest the last decade due

to the potential of combustion enhancement and control in power generation [1, 2]. PAC would

serve as a valuable tool in damping the formation of combustion instabilities that are typically

encountered in combustors with premixing of fuel and air for dry low emissions [3]. Implementing

PAC would allow stable operation on even leaner gas mixtures than today, which would lower NO,

emissions. The downside of the lean operation and the inherent instabilities is twofold, since, a short

term consequence is that mechanical instabilities cause severe hardware damage that may result in

increasing cost. Further, the long term result is increased emissions with higher quantities of

unburned hydrocarbons, which are known to be a far more effective greenhouse gas than carbon

dioxide [4]. Low emission operation for cases of varying fuel quality as well as rapid changes in load

could also be mitigated with PAC, i.e. better control of the combustion efficiency.

Most experimental investigations of PAC have been carried out on laminar flames. Investigations on

laminar flames aim at providing experimental data that could be compared to chemical kinetics data

from well-established low-dimensional modeling tools, such as CHEMKIN [5] and Cantera [6].

Detailed studies of such flames have proven to elucidate issues of e.g. laminar flame speed

enhancement which can be used to distinguish the underlying physiochemical phenomena of



plasma-assisted combustion. However, combustion devices for large-scale power generation are

based on turbulent combustion, where the combustion kinetics and fluid dynamics are intimately

coupled. Therefore, experimental designs for electric stimulation of swirl stabilized turbulent flames

needs to be investigated to understand the full effects of PAC in conditions that are adequate for

power generation. This is of specific importance since the stimulation effects of plasmas depend on

experimental conditions such as, for example, equivalence ratios and reduced electric field strengths

[7]. Both these parameters vary significantly in turbulent flames where local variations in equivalence

ratio and temperature alter the different conditions in combustion enhancement and thereby

introduce new challenges on experimental designs.

There are a few ways to affect combustion with electricity such as for example high voltage discharge

and microwave radiation. Compared to discharges there are certain advantages of using microwaves

to study kinetic enhancement on combustion such as that microwaves are rapidly oscillating electric

fields and thus do not cause combustion enhancement effects due to ionic wind and charged particle

flux. For practical reasons microwave stimulation does not require electrodes in the vicinity of the

flame which is favorable since electrodes have a certain lifetime in harsh environments that would

result in degrading performance. In addition, microwave stimulation can be designed to have a

volumetric effect which is ideal in studies of turbulent flames that indeed are volumetric objects

without compromising with the flow symmetry.



Previous investigations that have been carried out at atmospheric conditions assert that continuous

microwave stimulation of laminar flames have shown positive effects on the combustion [8-13].

Stockman et al. [8] report on a distinct increase in laminar flame speed in a methane/air flame by

electric stimulation without forming a plasma discharge. By performing filtered Rayleigh scattering

(FRS) they show a temperature increase just outside the flame zone of roughly 120 K. In two

publications [9, 10], Shinohara et al. carried out laminar flame studies with electric field strengths

below plasma formation. They also concluded on effects on laminar flame speed and found no sign

of thermal heating from the spectral signatures of CH* and OH* flame chemiluminescence. Further,

they reported an increase in flame chemiluminescence in the presence of microwaves and they

measured the relaxation time of this additional signal intensity as they switched off their microwave

system where time constants were found around 0.35-0.4 ms for their system. Rao et al. presented

work where they defined the effects on the flame in different regimes depending on the amount of

electric power that was added to the flame [13]. In regime 1, which is below plasma formation, both

stability and laminar flame speed were enhanced which the authors attributed to thermal heating

and in-situ reformation. As the microwave power was increased, a plasma was formed in the flame

region. The plasma could be sustained without combustion and was therefore suggested to work as a

flame holder in practical applications. A study by Zaidi et al. was carried out on a turbulent jet flame

which was stabilized by a hydrogen pilot flame. Zaidi et al. demonstrated effects of microwaves



absorption on flame chemiluminescence data, with electric field strengths below breakdown

threshold [12].

The design that is presented here aims at performing experimental studies of electrical stimulation of

a freely propagating turbulent flame using microwave radiation. The setup allows investigations of

flame chemiluminescence and laser based diagnostics with simultaneous monitoring of microwave

absorption. Measurement results are presented for two different microwave power regimes, where

the high power stimulation forms a swirl-stabilized plasma in the post-flame region. The plasma is

sustained in the post-flame region by absorbing microwave energy resulting in increased exhaust-gas

temperatures and strong plasma emission. In the low-power regime, below plasma formation,

microwave stimulation shows a positive effect on the turbulent flame which indicates a kinetic

enhancement of the turbulent flame speed.

Experimental setup

An overview of the experimental setup is shown in Figure 1a consisting of a microwave system

including an alumina microwave cavity housing (Figure 1b), a low-swirl burner (Figure 1c) that

operates with a co-flow and an optical measurement system.

Microwave system

The microwave system consists of an industrial magnetron (National Electronics GA15MP, 2.45 GHz)

including a circulator and a load to absorb reflected power, sensors for incident and reflected power

and a three stub tuner. The magnetron is capable of delivering up to 15 kW of microwave power into



a matched load. Electric-field sensors that are built into the circulator were used to monitor the

incident and reflected microwave power. The damping of the signals was 63 dB between the sensors

and the oscilloscope (LeCroy Wavemaster 8300). A maximum sampling rate of 20 G samples/s for

two channels from the oscilloscope provides about eight sampling points per period for the

microwave fields. Standard aluminum WR430 waveguides (with an inner width of 4.3”) were used to

transfer the microwave radiation from the magnetron to the alumina resonator. The aluminum

chamber (see Figure 1b) has two slits, located at opposite sides on the aluminum cavity, for input and

output of laser beams. The height and width of the slit is 200 mm and 10 mm, respectively. The inlet

slit is equipped with an alumina tube (length=50 mm and width=20 mm) that can be moved along

the slit to provide laser measurements further downstream of the flame front. The inlet slit is sealed

apart from the alumina tube preventing microwave leakage but still allow for laser access inside the

aluminum resonator. A microwave sealed beam dump is mounted onto the output slit to minimize

scattered laser light in the chamber. A visualization view port (150x50 mm?) is located in-between

the two slits for 90° detection of the laser induced signal. This view port is shielded by the use of two

metallic meshes. Two metallic meshes are used to create a resonant cavity around the flame. The

lower mesh is located just above (sub-mm) the burner nozzle which then defines zero on the Y-axis.

The microwave mode pattern inside the resonator was experimentally investigated at the bottom of

the chamber using temperature sensitive liquid crystal sheets (Edmund Optics). The mode pattern

was mapped by a regular photography camera (Canon D650) through the view port and a projection



image with proper scaling was constructed through image analysis, displayed in Figure 1d. A
capacitive sensor is mounted in the wall between the view port and the inlet slit for the laser (see the
red cross in Figure 1b). The sensor was used to determine variations in local electric field strength

during operation for different flame conditions.
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Figure 1 (a) Schematic overview of the experimental setup. Semitransparent
images of (b) an aluminum microwave cavity resonator and (c) the low-swirl
burner. (d) Mode pattern of the microwave electric field of a plane in the
center inside the cavity without a flame present. (e) The 2D flow field (axial
and radial velocity components) at the center plane above the burner,

measured using PIV.

Low-swirl burner



The influence of microwave stimulation on a lean premixed lifted swirl stabilized flame was

investigated using a low-swirl burner [14]. A semitransparent sketch of the low-swirl burner nozzle is

displayed in Figure 1c. The low-swirl flow is created by an outer annular swirler, with eight swirl-

vanes, in combination with an inner perforated plate [14]. About 60% by volume of the mixture pass

through the swirler and 40% through the perforated plate [14]. After passing the swirler assembly

premixed methane/air discharges through a 50 mm nozzle into the aluminum resonator cavity (300

mm in diameter) with an air co-flow of 0.4 m/s. The resulting outflow from the nozzle has an inner

low velocity non-swirling region (-10 mm < r < 10 mm, where r is the radius) and an outer region with

higher axial and tangential velocities [14-15]. The flow was investigated using Particle Imaging

Velocimetry (PIV) showing that away from the nozzle the flow diverges causing the axial velocity in

the center region to gradually decrease to create a low-speed region, see Figure 1e, where the freely

propagating turbulent flame can be stabilized. It should be mentioned that the metallic mesh (2 x 2

mm? square holes and 64% transparency) just above the burner nozzle (see Figure 1a) modifies the

flow field. By adding a mesh the radial transport from the outer high-speed regions towards the

center is influenced, resulting in an increase in axial velocity. To assure well-controlled experimental

conditions the set-up includes calibrated mass flow controllers for methane and air (Bronckhorst Hi-

Tec, EL-Flow), and a flow meter for the co-flow (Fox, Thermal Instruments). All measurements were

conducted in atmospheric conditions at room temperature with the flame operating with an

equivalence ratio of 0.58 which corresponds to a theoretical flame power of 24 kW.



Optical arrangement

The optical arrangement for planar laser-induced fluorescence (PLIF) measurements is displayed in

Figure 1a. Two laser systems were used to simultaneously study the spatial distribution of CH,0 and

OH which are distributed in the preheat- and post-flame zone, respectively. Formaldehyde was

probed by a frequency-tripled Brilliant B laser (Quantell) providing 355 nm laser pulses with a pulse

duration of around 6 ns. Hydroxyl radicals were excited by using the Q,(8) transition in the A%S* «

X’ system using a Brilliant B pumped (532 nm) dye laser that was tuned to a wavelength around 283

nm. The lasers were overlapped using a dichroic mirror that transmitted 283 nm light. The laser

beams were focused in the center of the low-swirl flame using a quartz cylinder lens (CL,) with a focal

length of 1000 mm. A negative quartz cylinder lens (CL,), with a focal length of -40 mm, was used to

expand the beams in the vertical direction to form a slightly diverging laser light sheet with an

approximate height of 50 mm in the measurement volume. This type of diverging laser sheet was

arranged in order to form a large-enough laser sheet through the microwave trap. A dichroic beam

splitter (BS) with R>99.9% (A, = 307 £ 20 nm) were used for separating the OH and CH,0O signals

which were captured using different cameras. An ICCD camera (Istar 334T, Andor Technologies) was

used to capture the formaldehyde fluorescence. The camera was equipped with a 50 mm/1.2 Nikon

lens in combination with a pair of GG400 Schott filters (each 1 mm thick) to discriminate stray laser

light. The OH signal was filtered by a UG 11 filter, mounted on a (f=100 mm) fused silica lens (Carl

Zeiss F/4.0). The signal was captured by a CCD camera (Hamamatsu) that was operating with an



intensifier (Hamamatsu) that is optimized for UV. Spectroscopic measurements were performed

using a spectrograph (Shamrock 750, Andor), equipped with a 1200 lp/mm grating, and an ICCD

camera (Istar 334T, Andor Technologies). Flame emission for spectroscopic analysis was collected

with a single lens configuration (f=200 mm) through the view port of the aluminum cavity. The

horizontally oriented spectrograph slit was imaged (1:1) at height 55 mm downstream from the

nozzle in the center of the flame. In addition, a high speed video camera (Fastcam SA-Z, Photron) was

used to capture rapid events such as plasma formation.

Characterization of the reacting flow field (without microwaves) was carried out by use of 2D PIV,

enabling two velocity components to be assessed in a plane through the center of the flow/flame

region. A double cavity diode pumped kHz Nd:YLF laser (DualPower 1000-30, Dantec) with belonging

light sheet optics was used as light source. The PIV data were acquired using a high-speed camera

(SpeedSense 311, 1MP, 3250 fps). To eliminate background light and flame emission a narrowband

532 nm (+/-10 nm) interference filter was mounted on the (f=50 mm) camera lens. The PIV field-of-

view had a height of ~100 mm to capture the overall characteristics of the flow field. Particles

(ZrSiO,), with an approximate diameter of 1 um, were used to trace the methane/air flow and

particles generated by smoke sticks were utilized for seeding the co-flow. The DynamicStudio

software (v. 4.15) was used for the evaluation of the velocity fields measured by PIV.



Results

Typical flame chemiluminescence images are displayed in Figure 2 with and without microwave

stimulation. The flame conditions in Figure 2 were identical apart from the microwave stimulation.

The pictures reflect the impression from a direct visual observation of the flame. The flame becomes

wider and brighter and it is stabilized at a lower position as the flame starts to absorb microwave

radiation.

Without microwave stimulation With microwave stimulation

Figure 2 Typical single-shot pictures captured with an ICCD camera using 100 ms
acquisition time. The flame clearly becomes wider, more luminescent and distinctly

stabilized in a lower position in presence of microwaves.

The effect of microwave stimulation is directly linked to the amount of energy that is absorbed by the

flame while correlation between input microwave energy and microwave stimulation is critically

dependent on the overlap between the mode pattern and the flame. Hence, microwave absorption

was continuously monitored during all experiments by sampling the incident and reflected

microwave electric fields from the system. Typical waveforms of the incident and reflected electric

fields of the microwaves are displayed in Figure 3a, where the difference in amplitude between the



two sinusoidal waveforms illustrates microwave absorption. Root-mean-square values of the
waveforms were evaluated over 50 periods (~20 ns). Such rms-values were sampled and calculated
with a rate of about 40 samples/s, as shown in Figure 3b. The rms-values of the electric fields were

transformed into power by

105 Fus]
Pi = ZO ’ (Eq 1)

where y is the damping of the system in dB, Egys is the rms-value of the oscillating electric field and
Zy is the input impedance. The damping of this system was 63 dB with input impedance of 50 Q. The
absorbed power, plotted as a black curve in Figure 3¢, shows temporal variations in absorption inside
the cavity, indicating that the microwave absorption occurred in non-continuous fashion. Variations
in the electric field inside the resonator were monitored by a capacitive sensor, located at the surface
of the aluminum cavity. Simultaneously monitoring of signals for the reflected microwave and the
wall sensor show good correlation when the turbulent flame was stimulated by microwave emission
(Figure 4a). The mode pattern was stable without a flame present in the resonator to absorb
microwave energy (Figure 4b) and virtually no absorption occurs. In addition, the local field strength
at the wall sensor was significantly affected by changing the equivalence ratio of the flame.
Altogether, these investigations indicate that the most significant variation in microwave absorption
is due to the flame itself which is an unstable turbulent hot object with high amounts of charged

species compared to the surrounding air. Further, the flame volume and the charge particle



distribution increase as a flame absorbs microwave power which affects the microwave mode

pattern.

A thermocouple, located just above the center of the upper metallic mesh (at height 55 cm), was

used to monitor the gas temperature of the exhaust gas. An increase in the exhaust gas temperature

was noticed as the flame started absorbing microwave energy. The increase of the exhaust gas

temperature correlated well with the amount of energy that was absorbed by the flame. The

reflected microwave power as well as the exhaust gas temperature was used as an indicator of good

microwave coupling when the stub tuners and the resonator geometry was tuned to achieve high

microwave stimulation.
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Figure 3 (a) Oscillating electric field strength of the incident (blue) and

reflected (red) microwave radiation with a frequency of 2.45 GHz (which

corresponds to a period around 0.4 ns). The difference in amplitude is

caused by absorption of the flame. (b) Continuously trended rms-values of

the incident (blue) and reflected (red) microwave power. (c) Differential

absorbed microwave power.
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Figure 4 Sensor signal of the reflected microwave (red) along with the
signal from the capacitive sensor that is located close to the wall
(green). Measurements were conducted with (a) and without (b) a

flame present in the cavity.

An increase in the incident microwave power increased the electric field strength inside the cavity for

an accurately tuned resonator. High enough electric field strengths caused breakdown in the flame if

the cavity modes were properly tuned. Such an event was captured with a high-speed camera and

four images are displayed in Figure 5. Breakdown occurred in the vicinity of the flame front since the

reduced electric field scales linearly with temperature (at constant pressure) and because the

number of free electrons is higher at the flame front [16]. The breakdown occurred in the flame

when a strong microwave electric field were employed, see Figure 5 at t = 0. In addition, a strong

electric field could cause the free charges in the initial small plasma to accelerate and create a charge

particle avalanche. The avalanche enables the plasma to grow as displayed in Figure 5 at times t =



12.1 and 24.2 ms. After further microwave absorption a fully developed flow-stabilized plasma
anchored in the product region of the flame which was seen after about 36 ms. Note that this is line-
of-sight data and therefore the position of the breakdown in the image is concomitant with an
unresolved three dimensional effect. Hence, the absolute height where the breakdown occurred
cannot be related to a vertical position in these images. Such tests were used to achieve good
alignment between the flame and the mode pattern of the microwave at the measurement condition
of interest. In cases where this alignment is off, breakdown could occur close to sharp metal edges

inside the resonator due to local field enhancement at higher microwave input powers.

t=121ms

Height/cm
Height/cm

-4 2 0 2 4 -4 2 0 2 4 -4 2 0 2> 4 -4 ] 0 2 4
Radial component/cm Radial component/cm Radial component/cm Radial component/cm

Figure 5 An image sequence recorded by a high-speed camera where the microwaves cause a
breakdown in the flame. The initial small breakdown volume absorbs microwave radiation and

develops to a swirl-stabilized plasma volume located in the post-flame region.

Simultaneous PLIF measurements of OH and CH,O were carried out. Typical PLIF images of CH,0 and
OH are displayed in the left panel in Figure 6 when the flame is stimulated by microwaves. The red
and green signals correspond to CH,0 and OH, respectively. The flame front in the lower central part

of the flame is continuous and flamelet-like, showing a well-defined thin preheat region where



formaldehyde appears. Formaldehyde is consumed in the steep temperature gradient in the reaction

zone whereas OH consumption is reduced in the post-flame region resulting in a supersaturated

region of OH. Further away from the flame front, in the product region, OH concentrations decreases

mainly due to formation of water.

Measurements were also conducted when a fully developed plasma interacts with the flame. The

presence of such a plasma creates an increased thermal expansion that influences the flame volume

and moves the flame front closer to the burner nozzle. The OH-signal is clearly enhanced whereas

the formaldehyde seems unaffected by the plasma. The preheat zone appears closer to the plasma

when the equivalence ratio is decreased and the flame can actually be removed leaving the swirl

stabilized plasma freely propagating in the swirling flow. The exhaust gas temperature substantially

increased when such a plasma was formed and spectroscopic analysis of the plasma emission shows

large signals of OH and also spectral features of NO. Both images in Figure 6 show PLIF signals from

OH and CH,0 of a microwave stimulated low-swirl flame. The microwave input energy is ~2.4 kW in

both conditions, which is right at the limit of plasma formation in these conditions. The emission

from the plasma is extremely intense so that the gated detection is not sufficient to suppress the

plasma emission which is displayed in the right panel in Figure 6.
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Figure 6 Results from simultaneous PLIF imaging of OH (green) and CH,O (red) of the
low-swirl flame. The flame is stimulated by microwaves in both experimental
conditions with equal amount of input microwave power to the resonator (~2.4 kW). A
plasma has developed in the flame to the right whereas no plasma is present in the

measurement data to the left.

Spectroscopy and imaging were performed on the excited OH flame chemiluminescence as the flame

was stimulated by microwaves at lower microwave input powers. The amount of energy absorbed by

the flame shows no effect on the shape of the OH emission spectra, which is in line with what was

reported by Shinohara et al. [9], for a laminar flame. Averaged imaging data of OH* flame emission,

displayed in Figure 7, clearly shows an increase in flame chemiluminescence with 1.1 kW microwave

absorption without plasma formation. Imaging of flame chemiluminescence collects line-of-sight

emission and therefore this signal reflects the entire flame volume. The increased flame volume is

more pronounced when the flame chemiluminescence data in Figure 7 is presented as a ratio image.

The image ratio, shown in Figure 8, is formed by having the microwave stimulated data in the



denominator and the reference flame in the numerator, resulting in low ratios in locations where the

flame chemiluminescence increase with microwave stimulation. A signal threshold was used to

create the ratio image for the flame chemiluminescence data so as to reduce background noise in

regions without contributing flame chemiluminescence. The ratio image in Figure 8 clearly shows a

relatively higher increase in flame chemiluminescence at the edges and at the bottom of the flame

kernel. These observations clearly indicate that the flame volume is increased and that it is stabilized

closer to the burner nozzle when the flame is absorbing microwave radiation.
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Figure 7 Flame chemiluminescence from excited OH. The left hand side of the
image shows the flame without microwave stimulation whereas the right part
of the image shows the flame chemiluminescence of a flame that absorbs
around 1.1 kW of microwave power. The microwave input power was
approximately 2.15 kW. The graph to the right shows cross-section data

(around the dashed white line in the left panel) in the center of the two flames.
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Figure 8 The image to the left shows a spatially distributed ratio of flame
chemiluminescence from the two flames that are imaged in Figure 7. The
graph to the right shows a cross section of the center of the ratio image. The
peak located just below 30 mm from the nozzle is a result of noise. This noise
has been removed in the ratio image by setting a threshold value of around 1%

of the maximum signal for the image in the numerator.

Discussion

The microwave absorption by the flame could be estimated by measuring the incident and reflected

microwave power. However, the absolute amount of energy that is absorbed by a large turbulent

flame is not straight forward to quantify. In addition, the energy that might be absorbed by another

sink than the flame is also hard to estimate since the microwave mode pattern is changed when the

flame is turned off. Then again, most of the energy is reflected when the system is operating in

absence of the flame and therefore a second sink term is neglected when the amount of absorbed

energy is estimated in this current investigation. As mentioned in previous publications, e.g. Zaidi et

al. [12], where a flame is inserted into a resonator, system tuning is critical for optimization of

microwave absorption by the flame. This current investigation involves a fairly large swirl-stabilized

turbulent flame which obviously is dynamic in its nature. The large-scale turbulent flame can affect



the conditions in the cavity during operation and therefore the average energy absorption of the

flame is determined for all measurements that were conducted. The resonator used by Zaidi et al. is,

to the knowledge of the authors, a bit different since the resonator that is used in this current study

is heavily over-moded in all three directions while that used by Zaidi et al. is only over-moded in one

direction. Technically, this means that there are several possible Eigen-mode solutions that are very

close to each other, making the mode pattern easily affected and less stable. However, a large

resonator is needed for a large-scale turbulent flame and since the wavelength associated with the

2.45 GHz frequency used in these experiments is about 12 cm it is significantly smaller than all

geometrical dimensions of the resonator, hence the resonator will be over-moded.

Coupling between electromagnetic radiation and the flame has been discussed in a number of

experimental investigations for laminar flames and continuous microwaves. Zaidi et al. presented

absorption values below 1% in [17] and of about 10 % in [12] for laminar flames. Peaks of rather high

absorption of microwave power by the flame are reported in the present study even though the

absorption was somewhat unstable, indicating that the size of the flame affects the amount of

absorbed microwave energy. The propagation of an electromagnetic wave in a linear and isotropic

medium can be expressed by the Helmholz equation,

VZE—-y?E =0, (Eq. 2)

where E is the electric field and y is the complex propagation constant, see for example [18]



1

y=a+jf=jw €0u0(1+ ? )2. (Eqg. 3)

jweg

Here €y and py are the permittivity and permeability of vacuum and o is the conductivity of the

medium that can be expressed as

2
g = le (Eq. 4)

mev.’

where e, n, m, and v, are the electron charge, density, mass and collision frequency. The real part

of Eq 3, a, describes the attenuation of the wave in the medium and the imaginary part describes the

phase shift that occurs when the wave travels in the medium. The inverse of the attenuation

constant for a good conductor is called the ‘skin depth’ and describes how high frequency signals

rapidly attenuate when propagating in a good conductor. A flame, however, is not a good conductor

since the electron density and collisional frequency is rather low compared to a good conductor, such

as a metal. In a flame, the collision frequency, v, will be on the order of 10" Hz at atmospheric

pressure conditions according to calculations using the software Bolsig+ [19]. The background

electron density in a propane/air flame was measured by Mclatchy to about 3.5 * 10" m™ [16].

Some work indicate slightly lower electron densities in a methane/air flame [20-22], but the lower

values may be due to a less exact experiment than what was performed by McLatchy. Using the

above values for n, and v, and f=2.45 GHz, ¢ is found to be 0.025 S/m, resulting in « =4.6 [Np/m],

giving a penetration depth of 1/a =0.22. l.e. the amplitude of the electric field is attenuated by 1/e

at a distance of 22 cm into a medium with v, and n, as given above. The value for electron density



used here is not valid for the entire flame since the main electron production occurs in a limited

region through the chemiionization process: CH + O -> HCO" + e. Altogether, the penetration depth

explains, at least in part, the modest microwave absorption of smaller flames [12, 16] contrary to the

stronger absorption that is achieved with a larger flame which momentarily can go up above 50%.

Miles and coworkers have shown an increase in absorption to about 60% when using pulsed

microwaves with high peak powers [23]. The high peak power in those experiments gives rise to

much higher electron density and temperature than in the experiments reported here and this is

most probably the explanation for the high microwave absorption reported. In summary, pulsed

microwave stimulation of larger flames should yield rather high absorption, making microwave

stimulation an attractive solution for plasma-assisted combustion under technically relevant

conditions.

Enforcing plasma ignition in the flame serves an excellent instrument of optimizing the spatial

overlap between the flame and the microwave mode patterns. Such tests can be performed at the

measurement conditions of interest and this is crucial since the flame affects the mode pattern.

However, the fully developed plasma that stabilizes in the product region seems to mostly affect the

flame front by gas heating since it is located downstream of the flame front with which the plasma

has minor interaction. This should, in principle, be the case for continuously fed hot plasmas for

combustion enhancement because the flame is adjusting to the gas heating plasma. Hence, the flame

front cannot overlap with the plasma if the gas is hot enough to ignite the combustible gas mixture.



Such issues can obviously be avoided by using a pulsed high voltage source if the flame dynamic is

much slower than pulsed discharges or microwave pulses. In addition, gas heating is minimized by

using short pulses [23], which have been investigated by Miles and coworkers [24]. A somewhat

alternative approach was used by Rao et al. [13] who achieved strong electric fields by utilizing local

field enhancement. On one hand, local field enhancement occurs close to sharp metal edges which

then preclude electric field stimulation of freely propagating flames. On the other hand, as is stressed

by the authors, this design is more relevant for flame stabilization and combustion control and the

strongest field enhancement is found fairly far upstream in the combustible gas mixture flow.

Spectral signatures of flame chemiluminescence of OH* and CH* were observed to have the same

shape with and without microwave stimulation (as long as no breakdown occurs). The unaffected

shapes of the spectra were also reported by Shinohara et al. [9] who interpret this as indications that

the local temperature was unaffected by microwave stimulation. Assessing flame temperatures from

flame chemiluminescence is a rather rough approach since it is based on line-of-sight information

that will be affected by self-absorption in the flame. Spectral studies of flame chemiluminescence

from CH*, however, have been proposed for estimation of flame temperatures in e.g. Gaydon [25]

even though it is not obvious what kind of temperature information CH* emission actually displays.

More rigorous attempts to determine flame temperatures were carried out by Stockman et al. using

filtered Rayleigh scattering (FRS) [8]. They reveal a temperature increase with microwave stimulation

of around 125 K just out of the flame front of a lifted laminar methane/air flame where the



temperature was around 2000 K. This is actually close to the position where CH* is formed [26]

indicating that there probably is a moderate increase in local temperature even though the shape of

the emission spectra seems unaffected from microwave stimulation. The substantial increase in

exhaust-gas temperature is evidently a result from microwave stimulation which is seen to increase

the chemical activity of the flame.

The local equivalence ratio is highest at the leading edge of the low-swirl flame whereas additional

air is being entrained into the fuel stream along the flame brush. This stratification results in a

reduction of the local equivalence ratio with height at the edges of the flame. As microwave

stimulation can increase the chemical activity the effect of the stratification can be reduced making

the flame broader. In addition, an increased flame speed also affects the mean position of the flame

base and hence, the flame is stabilized closer to the nozzle when microwave stimulation is

established (see Figure 1e). This increased flame activity results in a larger flame volume and a more

stable flame, which is evident from Figure 7 and Figure 8.

Concluding remarks

A setup for conducting investigations of microwave stimulated combustion on turbulent large scale

swirl-stabilized flames is demonstrated and employed. The flame is kept inside a microwave

aluminum cavity with the microwave mode pattern optimized to overlap with the flame position.

Optical measurements were conducted with simultaneous monitoring of the incident and reflected

microwave fields, which is utilized to estimate the microwave absorption by the flame. The dynamic



nature of the flame is reflected in temporal variation in microwave absorption by the flame where

high peak values are noticed for the absorption (above 50%).

Tests were also performed with higher electric fields that causes breakdown in the flame. These tests

show that a swirl-stabilized plasma can be generated and supported by microwave energy in the

product region of the flame. The hot plasma pushes the flame closer to the nozzle due to thermal

expansion and the gas heating is significant enough for the plasma and the flame front never to

directly interact. The two pools of radicals, from the plasma and the reaction zone, never overlap

since the temperature in the vicinity of the plasma is hot enough to ignite the flame from the post-

flame side.

Clear effects of microwave stimulation on the large turbulent flame characteristics are summarized

as: (1) the flame stabilizes closer to the burner nozzle, (2) the flame volume is increased and (3) the

exhaust gas temperature is increased. Altogether, these are all effects that are of utmost interest in

combustion enhancement and control.
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