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Abstract

Irradiating a flame by microwave radiation is one of several Plasma-Assisted Combustion (PAC)
technologies that can be used to modify the combustion chemical kinetics in order to improve
flame-stability and to delay lean blow-out. One practical implication is that engines may be able
to operate with leaner fuel mixtures and have an improved fuel flexibility capability including
biofuels. In addition, this technology may assist in reducing thermoacoustic instabilities that may
severely damage the engine and increase emission production. To examine microwave-assisted
combustion a combined experimental and computational study of microwave-assisted combus-
tion is performed for a lean, turbulent, swirl-stabilized, stratified flame at atmospheric condi-
tions. The objectives are to demonstrate that the technology increases both the laminar and tur-
bulent flame speeds, and modifies the chemical kinetics, enhancing the flame-stability at lean
mixtures. The study combines experimental investigations using hydroxyl (OH) and formalde-
hyde (CH,O) Planar Laser-Induced Fluorescence (PLIF) and numerical simulations using finite
rate chemistry Large Eddy Simulations (LES). The reaction mechanism is based on a methane
(CHy)-air skeletal mechanism expanded with sub-mechanisms for ozone, singlet oxygen, chemi-
onization, electron impact dissociation, ionization and attachment. The experimental and compu-
tational results show similar trends, and are used to demonstrate and explain some significant as-
pects of microwave-enhanced combustion. Both simulation and experimental studies are per-
formed close to lean blow off conditions. In the simulations, the flame is gradually subjected to
increasing reduced electric field strengths, resulting in a wider flame that stabilizes nearer to the
burner nozzle. Experiments are performed at two equivalence ratios, where the leaner case ab-
sorbs up to more than 5% of the total flame power. Data from experiments reveal trends similar
to simulated results with increased microwave absorption.

Keywords: Plasma-Assisted Combustion; Large Eddy Simulations; Laser-Induced Fluores-

cence; Turbulent Combustion.



1. Introduction and Background
Plasma-Assisted Combustion (PAC) has potential for combustion control and for reducing emis-
sions to meet the globally growing demands on flexible power generation, [1]. Plasma, the fourth
state-of-matter, can be used for fuel-reforming and flue-gas treatment, [2-3], but the focus of the
present work is on applying the electric energy directly to the flame. PAC offers a method to
modify the thermal and kinetic properties of the reactants, intermediates, radicals and products,
[4]. Due to fast electron impact excitation and dissociation of molecules at low temperatures,
plasma introduces new reaction pathways, modified chemical time-scales, and may significantly
change the combustion process, [4-5]. Employing PAC improves flame stability and delays lean
blow-out, allowing stable combustion with leaner, low-emission fuel-mixtures. PAC may extend
the fuel compatibility to open up for using e.g. bio-fuels with minimal hardware modification.
Different technologies may be used to supply electrical energy to the flame including Die-
lectric Barrier Discharges (DBD), [6], Gliding Arc Discharges (GAD), [7], Microwave Dischar-
ges (MD), [8], and Radio-Frequency Discharge (RFD), [9], as described in [4-5]. Adding electric
energy through microwave radiation is advantageous for direct stimulation of a flame since there
1s no need for electrodes (surviving in the harsh environment in a flame). In addition, microwave
irradiation will be most efficiently absorbed in the flame-front, where both the electron density
and the reduced electric field, E/N, are high. Creating a microwave-plasma is energy-costly, and
here we instead endeavor to use microwave irradiation to generate a plasma-like state below die-
lectric breakdown. This allows us to influence the flame chemistry mainly by increasing the en-
ergy of the electrons already produced by chemiionization, a technology previously explored by
Ward, [10]. Several experimental and computational investigations have been performed for mi-
crowave-stimulated laminar flames below dielectric breakdown, [11-13], but no previous exper-
imental or computational studies of microwave-stimulation on turbulent swirl-stabilized flames
in industrially relevant burners have been found by the authors.

This investigation concerns microwave-stimulated combustion in a lean swirling stratified



turbulent flame at atmospheric conditions. The objectives are to demonstrate that the technology
increases both the laminar and turbulent flame speeds and modifies the chemical kinetics so as to
enhance flame stability at lean mixtures. A skeletal reaction mechanism for methane (CHy)-air
combustion, expanded with sub-mechanisms for singlet oxygen, ozone, chemionization, electron
impact dissociation, ionization and attachment is developed and as a first step applied to laminar
flame simulations. The low-swirl flame is studied in an experimental investigations using hy-
droxyl (OH) and formaldehyde (CH,O) Planar Laser-Induced Fluorescence (PLIF) and numeri-
cal simulations using finite rate chemistry Large Eddy Simulations (LES), [14]. Common trends
in experiments and simulations results are used to demonstrate and explain some aspects of mi-

crowave-stimulated combustion.

2. Experimental Set-Up and Measuring Technique
This investigation of microwave assisted turbulent combustion is performed for flames stabilized
by a low-swirl burner, [15], offering a good compromise between simplicity and flow complexi-
ty. The low-swirl flow is created by an outer annular swirler, with eight swirl-vanes, in combina-
tion with an inner perforated plate, Fig. 1a. With this design the swirl and the highest velocities
are found in the outer part of the flow discharging from the nozzle, [16]. The diverging turbulent
flow creates an inner low-velocity region in which the flame is stabilized. The study is per-
formed with the low-swirl burner discharging into a purposely-designed microwave cavity, Fig.
1b, enclosing an air-co-flow of 0.4 m/s. The setup is similar to that used by Ehn et al., [17-18],
and includes calibrated mass-flow controllers for CH,4 and air (Bronckhorst Hi-Tec, EL-Flow)
and a flow-meter for the co-flow (Fox, Thermal Instruments). Equivalence ratios of $=0.58 and
0.62, with theoretical powers of ~24 and ~27 kW, respectively, were studied.

The microwave system includes a magnetron (National Electronics GA15MP) operating at
a frequency of 2.45 GHz, a circulator and a load, sensors for incident and reflected power and a

three-stub tuner. The flame is kept in a (D=300 mm) metallic cavity to achieve the mode-pattern
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that balances the position of the flame, and to obtain proper microwave coupling, Fig. 1c. Mi-
crowave coupling to the flame is achieved by tuning the location of the upper metallic grid at the
upper end of the cavity, Fig. 1b. The lower metallic grid, positioned between the burner nozzle
and the flame, is required to close the microwave cavity but also affects the flow by reducing the
swirling motion, resulting in flame stabilization further downstream than reported, [15]. The mi-
crowave cavity is purposely designed for OH and CH,O PLIF measurements with a slit for laser-
beams, a built-in beam-dump and a viewport for 90°-angle imaging.

The experimental system is summarized in Fig. 1d: A frequency tripled Brilliant B laser
(Quantel), providing 355 nm laser pulses with a pulse duration and pulse energy of approximate-
ly 5 ns and 110 mJ, respectively, was employed to probe CH,O. The Q1(8) transition in the
A’ XTI system of OH was probed using a wavelength of ~283 nm with a pulse energy of
around 10 mJ and a pulse duration of around 5 ns. The lasers and imaging systems were over-
lapped using dichroic mirrors. Laser sheets of 5 cm height were focused in the center of the low-
swirl burner flame using a combination of cylindrical lenses (fused silica) with focal lengths of
1000 mm and -40 mm, respectively. The CH,O signal was detected using an ICCD camera (An-
dor Technologies Istar 334T) equipped with a 50 mm {/1.2 Nikon lens in combination with dou-
ble (1 mm thick) GG400 Schott filters for laser-light discrimination. The OH signal was spectral-
ly isolated by an UG 11 filter, mounted on a 100 mm fused silica lens (Carl Zeiss F/4.0). The OH
signal was captured by a CCD camera (Hamamatsu) operating together with an intensifier (Ha-
mamatsu) optimized for UV. A high-speed video camera (Fastcam SA-Z, Photron) was used to
capture high-speed video images of the flame. The optical arrangement is described in more de-

tail by Ehn et al. in [17-18].
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Figure 1. (a) Semitransparent sketch of the low-swirl burner. (b) Cavity housing for the microwaves.
(c) Microwave mode pattern inside the cavity around the centerline of the burner. (d) Experimental
setup overview including optical arrangements and the microwave system (BD = beam dump, BS,

beam splitter, M; and M, are mirrors and Mj is a dichroic mirror and L; are lenses).

3. Large Eddy Simulation Models, Kinetics and Numerical Methods

The simulation model is based on finite-rate chemistry LES, [14], using the Partially Stirred Rea-
ctor (PaSR) combustion model, [19], which is extensively validated, e.g. [20], and frequently uti-
lized in applied studies, e.g. [21]. The LES model is implemented in OpenFOAM, [22], and the
LES transport equations are solved by using high-order monotonicity-preserving convective and
diffusive flux-reconstruction schemes and Crank-Nicholson time-integration, [23]. The combus-
tion chemistry is separately integrated using a Strang-type operator-splitting scheme, [24]. A ful-
ly compressible Pressure-based Implicit Splitting of Operators (PISO), [25], algorithm is utilized
for the pressure-velocity-density coupling. Stability is enforced by using compact stencils and by
enforcing conservation of kinetic energy with a Courant number<0.5.

The microwave-assisted CHy-air combustion chemistry is modeled using a dedicated
skeletal mechanism, Z80, comprising 80 irreversible reactions, consisting of a 42-step CHy-air
mechanism, Z42, combined with reaction sub-sets for ozone, singlet oxygen, chemionisation,
electron-impact, and electron attachment and dissociation according to Table S1. The combus-
tion chemistry is sufficiently detailed to describe important flame properties, but small enough
for finite-rate chemistry LES. The mechanism development was performed using the laminar

flame speed (s,), flame temperature (Tq,.me) and species concentration profiles of major and other



key species, as targets. Ignition delay times (tign) and extinction strain rates (Cex;) were evaluated
to characterize the effects of microwave irradiation at different equivalence ratios.

The Z42 CHy-air mechanism, R1-R35, was adopted from [26], with the addition of CH and
CH,; reactions, R36-R42, from [27], with small modifications to some of the pre-exponential fac-
tors. Z42 show excellent agreement with the GRI 3.0 reaction mechanism, [28].

Microwave-stimulated combustion involves reactions of ozone (Os) and excited oxygen in
the singlet state (Oz*), both known to increase the reactivity of CHy-air mixtures, [29-30]. The O3
subset, R43-R55, was selected from Wang et al., [29], as previously used by Ehn et al., [31]. The
0, subset, consisting of R56 and R57-R64 from [30], is a dominant source of radicals (H, OH,
HO; and O) and therefore largely determines the reactivity of the system.

Chemionization provides the background electron concentration, existing also without mi-
crowaves, and is here represented by reactions R65-R68, with CH+O—HCO "+e usually consid-
ered as the main chemionization source in flames, e.g. [32].

Electron impact dissociation and ionization reactions, R69-R76, provide radicals by colli-
sions with free electrons, e, and have a highly non-linear dependence on E/N. The ionization re-
actions contribute significantly to the increasing electron concentration at higher E/N, resulting
in increased O, concentration and increased reactivity of the system. All E/N dependent reaction
rates, R56 and R69-R76, were determined using BOLSIG+, [33], with cross-sections from Mor-
gan, [34], and Phelps, [35]. Relevant rates for reactions involving electrons require that species
with high concentration or large cross-section for low energy electron interactions are taken into
account, including inert N,. These reaction rates were calculated for compositions representative
of where CH has the highest concentration. The reaction rate of R56, Oz+e—>02*+e, implement-
ed in the mechanism is decreased compared to the value determined by BOLSIG+. In a more ex-
tensive mechanism, collisional quenching would disable some O,", whereas in this simplified
mechanism, tuning of O, production is necessary. Sensitivity analysis, reveals that among the

E/N dependent reactions the primary flame enhancing reactions are R56 and R74, emphasizing



the significance of the oxygen chemistry in discharge plasma under prevailing conditions. It is,
however, interesting to notice that for lean conditions at E/N=80 Td, the E/N dependent reactions
are of comparably low importance, and that R57, R61 and R63 from the O," subset have more
significant sensitivity.

The electron attachment and dissociation reactions, R77-R80, [36], result in a reduced radi-
cal pool since they remove the positive ions created by ionization.

Laminar microwave-assisted flames, at 1 atm and 300 K, were computed, using Chemkin,
[37], and the Z80 mechanism at E/N=0, 60, 70 and 80 Td, Fig. 2a. An ideal microwave mode-
shape is assumed. Previous results indicate that the increase in s,, at E/N<125 Td, can be ex-
pected to be in the range from 19% to 68%, represented by the shaded area in Fig. 2a. The pre-
sent modeling suggests that s, show the smallest relative increase at ¢$=1.0. For reduced electric
fields E/N=60 Td, significant enhancement is observed at lean conditions, $<0.8, with more than
50% at ¢=0.5, reducing to 25% at $=0.6. For E/N=70 Td, the enhancement in s, at ¢=0.6 is
120%, decreasing to about 25% at ¢=1.0. Stronger enhancement, but similar trends, are noted for
E/N=80 Td. This is in agreement with Ju et al., [13], in that the flame enhancement is most no-
ticeable at lean conditions. Sensitivity analysis show that the reactions dominating the flame
chemistry is strongly dependent on equivalence ratio; for E/N=60 Td the CHy-air reactions of the
74?2 baseline mechanism dominate the chemistry at ¢=1.0, whereas at lean conditions, reactions
of O,", primarily with e, are significantly more important.

Extinction strain-rate computations, Fig. 2b, show a relatively stronger augmentation at
lean conditions. Ignition delay times are identical with and without microwaves at temperatures
above about 1500 K, while at lower temperatures the ignition occurs considerably faster as the
microwave field is applied. This is a result of a strongly increased reactivity at low temperatures

where the CHy-air gas mixture is relatively unreactive otherwise.
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Figure 2. Comparison of (a) adiabatic flame temperatures, T,4, and laminar flame speeds, s, (b) ex-

tinction strain rate, Gy, and (c) ignition delay times, Tig,, for E/N=0, 60, 70 and 80 Td.

4. Results and Discussion

The design of the burner swirler arrangement, [15], causes an enclosed low-velocity zone to de-
velop within the funnel-shaped swirling CHy-air flow that rotates in a plane normal to the axial
flow. The rotation causes the outer diameter of the funnel-shaped swirling flow to grow with
concomitant decrease in axial velocity. The flame is established where the local CHy-air mixture
velocity equals the turbulent flame speed, s;. The resulting swirling flow exiting the nozzle gives
rise to distinctive outer- and inner shear-layers that gradually expands and strengthens the down-
stream mixing. Consequently, the flame is comprised of a turbulent premixed undulating flame-
cup followed by a progressively stratified plume interacting largely with the inner shear-layer.
Based on assessments of the Damkdhler and Karlowitz numbers, the flame unveils many flame
front topologies including (i) wrinkled flamelets at the flame-cup, (ii) corrugated flamlets at the
lower part of the flame, and (iii) thin reaction-zones at the upper part of the flame due to the gra-
dual stratification and intermittent interactions with the shear-layers.

Microwave stimulation does not change the overall behavior of the flame, but modifies its
position, width and intensity, particularly in the flame-cup and lower part of the flame, as
demonstrated experimentally in Fig. 3a-3b, and computationally in Fig. 3c-3f. Figures 3a and 3b
show high-speed images with and without microwave stimulation, respectively. This is line-of-
sight data and is thus the integrated signal of flame chemiluminescence. In addition to an obvi-

ous increase in flame chemiluminescence with microwave stimulation the flame becomes wider
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and moves somewhat closer to the burner nozzle. This effect on the flame is seen in the snapshot
images in Fig. 3a and 3b, which is further seen in the averaged optical measurement data. More-
over, exhaust temperature monitoring using a thermocouple, 11 D above the burner, reveal up to
10% increase in gas temperature when ~2 kW electric energy is absorbed by the flame at $=0.58.
Volumetric renderings from LES at E/N=0, 60, 70 and 80 Td are presented in Fig. 3c, 3d,
3e and 3f, respectively. The volumetric renderings are composed of the temperature, T, CH4, CH
and O, . The microwave-simulated flames indicate similar behavior compared to the experi-
mental visualizations in Fig. 3a and 3b, in that the flame stabilize closer to the burner nozzle, and
also that the flame volume and area increase with increased E/N. In all cases, CH is found in a
thin wrinkled layer in the flame front, whereas gradually increasing levels of O, with increasing
E/N are found in the whole flame for the microwave-stimulated cases. Moreover, the average
temperature in the post flame region (about 10D above the burner nozzle) shown an increase by
~10% for E/N=60 to 70 Td, and about 20% for E/N=80 Td.
From the laminar flame speed results in Fig. 2a it is apparent that microwave stimulation causes
the laminar flame speed, sy, to increase non-linearly in the E/N range of interest, whereas the
flame temperature, Tpame, remains virtually unaffected by microwave irradiation. In the LES the
flame-cup moves closer to the burner nozzle with increasing E/N, in a similar non-linear way as
the increase in s, in the laminar flame. All in all, this suggests that the microwave irradiation
primarily interacts with the chemical kinetics. The increase in s, and s; widens the lower parts of
the flame, which then interacts more strongly with the annular shear layer discharging from the
burner. Such interactions increase the flame wrinkling and flame area, which together with the
anisotropy of the flow discharging from the burner results in that the lateral turbulent flame

speed increases faster than the vertical turbulent flame speed.
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Figure 3. Typical experimental images without (a) and with (b) microwave-stimulation. Volumetric
renderings of T, CH,, CH and 02* from LES at ¢=0.6 and E/N=0, 60, 70 and 80 Td are presented in

panels (c) to ().

Time-averages and rms-fluctuations of the axial velocity, v, and T are shown in Fig. 4a
and 4b, respectively, athwart the flame at different heights above the burner. Here, experimental
data, [15-16, 38], are compared with LES predictions, without microwave irradiation at $=0.62.
Acceptable agreement between experimental data and LES predictions in terms of temperature
and axial velocity fields are noticeable, making the low-swirl flame a suitable case for this com-
bined experimental and computational investigation of microwave assisted combustion. Regard-
ing the time-averaged axial velocity, (vx), only minor differences between the LES and experi-
mental profiles may be observed. The experimental data presents a somewhat more narrow vy
funnel at 0.20<x/D<0.50, and a somewhat weaker recirculation region at 0.60<x/D<1.20, where
also the time-averaged temperature. (T), differ due to a slight difference (<5%) in flame lift-off
height. In addition, there are discrepancies concerning the axial rms-velocity fluctuations, v4™,
but still remaining within the experimental uncertainty, and focused around the region of flame
anchoring, around x/D=0.60, signifying that they are related to the small offset in lift-off height,
which is also clear from the temperature rms fluctuations, T, in this region. LES predictions
for the ¢=0.6 case with E/N=0, 60, 70 and 80 Td are presented to investigate the effects of mi-
crowaves. This flame condition is very close to lean-blow off and is thus selected to demonstrate

the influence of microwave-stimulation. For E/N=80 Td, the widening of the flame is seen in
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both (vy) and (T) at 0.80<x/D in the cross-sectional data at $=0.6. The temperature, T, shows that

the flame stabilizes closer to the burner nozzle, especially for E/N=80 Td at x/D=0.2 and 0.5.
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Figure 4. Cross-sectional comparison of (a) time-averaged axial velocity, (vy), and rms-velocity fluc-

N

tuations, v,"™, and (b) time-averaged temperature (T) and rms-temperature fluctuations, T™, at

h/D=0, 0.2, 0.5, 0.6, 0.8, 1.0, 1.2 and 1.6. Legend: (+) experimental data (from [15-16, 38]) for $=0.62

and E/N=0 Td, (—) LES predictions at ¢=0.62 and E/N=0 Td. LES predictions at ¢=0.60 and: (—)

E/N=0 Td, (—) E/N=60 Td, (—) E/N=70 Td and (—) E/N=80 Td.

Time-averaged number densities from LES results and PLIF signals of CH,O and OH data
are shown in Fig. 5b and 5c, at ¢=0.6 and E/N=0, 60, 70 and 80 Td, respectively. It is important
to note that the LES are based on a model in which the flame is exposed to a spatially limited
constant reduced electric field that can be altered, while the electric field mode-pattern in the
current experimental set-up is affected by the turbulent flame and is thus varying. The tempera-
ture of the flame results in a non-uniform reduced electric field. Hence, quantitative comparison
between experiments and simulations should be carried out with care. Instead, however, results
from the two approaches are compared in terms of trends in the flame behavior.

Experimentally, flames at ¢$=0.58 and 0.62 were studied with the leaner flame being very
close to the lean blow-off limit. The intensity of the cross-sectional data should not be compared
between the two experimental datasets. The windows used for comparison are emphasized by the
box in Fig. 5a, and the corresponding PLIF and LES images, in Fig. 5b and 5c are mirrored at

the centerline. Figure 5a shows volumetric renderings of T, CH,O and OH, O and Oz*, whereas
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Fig. 5d shows a reaction path diagram for Z80. Singlet oxygen (O,") exist in the whole flame for
E/N>0, whereas CH only exist in the flame front. Formaldehyde (CH,O) mainly exists in the
pre-heat layer and in the post-flame zone, and for E/N>70 Td broadening of the CH,O layer is
observed following the strengthened flame shear-layer interactions. OH and O exist concurrently
and increase with higher E/N, whilst partly concealing the CH,O distribution due to their wider
and intertwined distributions around the flame-cup. In addition, the high T flame zone is growing

with increasing E/N.
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Figure 5. (a) Volumetric renderings of T, (left) and an overlay of CH,O, OH, CH, Oand O, (right) at
E/N=70 Td. The dashed box designates the image area where LES results and PLIF data are shown in
(b) and (c). Time-averaged LES and PLIF images of OH and CH,O are shown in (b) and (c), respec-

tively, together with radially averaged profiles. (d) Reaction path diagram for Z80 in Table S1.

Time-averaged LES number densities at E/N=70 Td agree with the mean PLIF CH,O and
OH distributions with 1 kW absorption, according to Fig. 5b and 5c. Still, the positions of the
mean OH and CH,O signals, seen by comparing the cross-sectional data, is somewhat higher for
the experimental data due to the metallic grid that is position just above the burner nozzle. The
LES profiles are clearly shifted, in particular for CH,O, when E/N is increased from 70 Td to 80
Td. Reduced field strengths of 60 Td and 70 Td also brings the flame closer to the burner nozzle

that is also seen in the experimental cross-sectional profiles for ¢=0.58. However, this is not ob-

served for the ¢=0.62 case, which is a combination of decreased microwave coupling to the

14



flame, and that the flame is less stable at leaner conditions. Experimental data reveal a modest
increase in CH,O signal for ¢=0.58, and virtually no effect at $=0.62, whereas a clear increase is
seen for the OH signal in both data sets. Such behavior is also observed in the LES profiles with
E/N=60 and 70 Td where the increase in CH,O data is less pronounced than for OH.

The microwaves stimulate the formation of electrons by means of electron impact dissocia-
tion and ionization, provided a background of electrons. The electrons are first created at the mi-
crowave maxima and multiplied by electron impact ionization. 0," is formed through collisions
between e and O,. In this premixed case, where O; is abundant, 02* will have largest production
rates where the electrons are accelerated by the reduced electric field. The reaction path diagram
in Fig. 5d reveals the most important connection between the species, where the reaction paths in
the CHy-air subset (Z42) is represented by black and red arrows, and the orange arrows belong to
reaction paths activated by microwaves. Red arrows indicate important reaction paths in CHy-air
combustion enhanced by microwaves. The importance of CH3O is increased as a result of mi-
crowaves. Production of CH,0 via CH30 becomes dominating by O, reacting with CHj, mean-
ing that Oz* indirectly contributes to enhanced reactivity. Oz* contribute to CH,O production via
CH30 and is also important for O production that eventually lead to CH,O. This implies that mi-
crowave-assisted combustion provide new routes to CH,O formation. On the other hand, HCO is
mainly formed directly from CH,O, just like for normal CHs-air combustion. Production of OH
is connected to the increased reactivity of the system, which is mainly enhanced by O,", being

the key species for microwave enhanced CHy-air combustion.

5. Concluding Remarks
Microwave stimulation of a swirl stabilized flame has been experimentally and computationally

examined with PLIF and combustion LES. Similar trends are seen from simulations and experi-
ments for cases close to the lean blow-off limit. Microwave stimulation increased flame-area,
flame-volume and exhaust gas temperature as well as making the flame stabilize closer to the

burner nozzle. These trends indicate an increase in turbulent flame speed, which is in line with
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the fact that microwave stimulation increases the laminar flame speed. In addition, the micro-
waves clearly increase the concentration of OH in the post-flame region. Laminar flame simula-
tions identify the production of singlet oxygen (O,") to be the most dominant species in the flame
speed enhancement. The production of O," in the turbulent flame is highly nonlinear in relation
to E/N and is much more efficient at higher reduced electric fields. LES predictions indicate that
reduced electric field strengths below 70 Td has moderate impact on the flame whereas the non-
linearity in flame speed enhancement is accentuated for reduced electric fields between 70 and
80 Td. However, increasing the microwave power and E/N in a continuous system will result in
gas breakdown and excessive heating that in turn will increase NOy production. This suggests
that pulsed microwave stimulation, where high reduced electric fields of several hundred Td and

short pulses are generated, would be of interest for plasma-assisting combustion control.
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Figure Captions

Figure 1. (a) Semitransparent sketch of the low-swirl burner. (b) Cavity housing for the micro-
waves. (¢) Microwave mode pattern inside the cavity around the centerline of the burner. (d) Ex-
perimental setup overview including optical arrangements and the microwave system (BD =
beam dump, BS, beam splitter, M; and M, are mirrors and M3 is a dichroic mirror and L; are
lenses).

Figure 2. Comparison of (a) adiabatic flame temperatures, T,4, and laminar flame speeds, s, (b)
extinction strain rate, Gex, and (c) ignition delay times, Tig,, for E/N=0, 60, 70 and 80 Td.

Figure 3. Typical experimental images without (a) and with (b) microwave-stimulation. Volu-
metric renderings of T, CH4, CH and O, from LES at ¢=0.6 and E/N=0, 60, 70 and 80 Td are
presented in panels (c) to (f).

Figure 4. Cross-sectional comparison of (a) time-averaged axial velocity, (vy), and rms-velocity
fluctuations, v, and (b) time-averaged temperature (T) and rms-temperature fluctuations, T,

at /D=0, 0.2, 0.5, 0.6, 0.8, 1.0, 1.2 and 1.6. Legend: (+) experimental data (from [15-16, 38]) for
$=0.62 and E/N=0 Td, (—) LES predictions at $=0.62 and E/N=0 Td. LES predictions at ¢$=0.60
and: (—) E/N=0 Td, (—) E/N=60 Td, (—) E/N=70 Td and (—) E/N=80 Td.

Figure 5. (a) Volumetric renderings of T, (left) and an overlay of CH20, OH, CH, O and O2*
(right) at E/N=70 Td. The dashed box designates the image area where LES results and PLIF da-
ta are shown in (b) and (c¢). Time-averaged LES and PLIF images of OH and CH2O are shown in
(b) and (c), respectively, together with radially averaged profiles. (d) Reaction path diagram for
780 in Table S1.

List of Supplementary material

SMM Ehn et al PCI36 2016 A table of reaction parameters for the kinetics mechanism is avail-
able as supplementary material (word document).

Table caption in supplementary material

Table S1. Reaction rates for Z80 in the form of Arrhenius expression k = A-T"-exp(-
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EJ/RT) cm® mol™ 5. Units: A — cm® mol™ s, E, — cal mol™, T — K, R = 1.987207

cal K* mol™.
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Supplementary Material
(Ehn et al. “Investigations of Microwave Stimulation of a Turbulent Low-Swirl Flame”, Proc.
Combust. Inst. 36, 2016)

Table S1. Reaction rates for Z80 in the form of Arrhenius expression k = A-T"-exp(-
EJ/RT) cm® mol™ s Units: A — cm® mol™ s?, E, — cal mol™, T - K, R = 1.987207

cal K* mol™.

# Reaction A n E.
1 |CH,s(+ M) = CHz + H (+ M)?
k¢ 6.30E+14 | 0 | 104000
Kso 1.00E+17 | O 86000
2 |CH3+ H (+ M) — CH, (+ M)?
k¢ 5.20E+12 | O -1310
Kso 8.25E+14 | O -19310
3 CH,+H — CH3;+H, 2.20E+04 | 3 8750
4 CH;+H, - CH,+H 9.57E+02 | 3 8750
5 CH,; + OH — CH3 + H,0 1.60E+06 | 2.1 2460
6 CH3 + H,O0 — CH, + OH 3.02E+05 | 2.1 | 17422
7 CH;+0—CH,0+H 6.80E+13 0
8 CH;+0, - CH;0+0 5.00E+13 25652

5000
0
28812

0

0

9 CH; + OH — CH, + H,0 7.60E+06 | 2

10| CH30+H — CH,0 +H, 2.00E+13 | O

11/CH;O+M —-CH,O0+H+M| 240E+13 | O

12 CH,+0—CO+H;, 3.00E+13 | O 0

13| CH;+OH —>CH+H,0 1.13E+07 | 2 3000

14| CH,O0+H — HCO +H, 9.00E+13 | O 3991

15| CH,0 + OH - HCO + H,0 | 3.00E+13 | 0 1195

16 CH+0—->CO+H 5.70E+13 | O 0

17 CH+OH—->HCO+H 3.00E+13 | O 0

18 CH+0,—>HCO+0 3.30E+13 | O 0

19f CH+CO,— HCO +CO 8.40E+13 | O 200

20 HCO+H — CO +H, 4.00E+13 | O 0
0

21 HCO+M —-CO+H+M 1.60E+14 14700
22 CO+OH—-CO,+H 1.51E+07 | 1.3 -758

23 CO,+H—CO+OH 1.57E+09 | 1.3 | 21000
24 H+0,—>0OH+O0 1.55E+14 | O 16800
25 OH+O0O—->H+0, 1.20E+13 | O 690

26 O+H,—>OH+H 1.80E+10 | 1 8826
27 OH+H—>0O+H, 8.00E+09 | 1 6760
28 H,+ OH - H,O+H 1.17E+09 | 1.3 3626
29 H,O0+H — H,+ OH 5.09E+09 | 1.3 | 18588

30 OH+OH—- 0 +H,0 6.00E+08 | 1.3 0
31 O +H,0 - OH+OH 5.90E+09 | 1.3 | 17029
32| H+0,+M—->HO,+M 1.60E+18 |-0.8 0
33 H+ HO, —» OH + OH 1.50E+14 | O 1004

34 H+HO, - H,+ 0O, 2.50E+13 | O 700
35 OH + HO; - H,0+ 0O, 2.00E+13 | O 1000
36| HO,;+HO, — H,0,+ 0O, 8.00E+13 | O 0
37| H,O,+M —-OH+0OH+M | 1.30E+17 | O 45500
38| OH+OH+M —» H,0,+M | 9.86E+14 | O -5070
39| H,0,+0OH —H,0+HO, | 1.00E+13 | O 1800
40| H,0+HO, — H,0,+ OH 2.86E+13 | O 32790
41| OH+H+M —>H,0+M 2.20E+22 | -2 0
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42] H+H+M—>H,+M | 180E+18 [-1] ©
Ozone
43 0,+0+M—-0;+M 8.60E+13 | O 721.3
44 0;+0,—-0,+0+0, 1.54E+14 | 0 |2.306e+04
45 O3+N; - 0,+0+N, 4.00E+14 | 0 |2.267e+04
46 0;+0—-0,+0+0 2.48E+15 | 0 |2.273e+04
47 O3+03—>0,+0+ 0, 4.40E+14 | 0 |2.306e+04
48 0, +0+03—03+0; 1.67e+15 |-0.5| -1391
49 O3;+H— 0, +0OH 8.43E+13 | O 933.9
50 0O3;+H — O +HO, 452E+11 | O 0
51 03+ 0OH — 0O, + HO, 1.85E+11 | 0 831
52 O3 + H,0 — O; + H,0, 6.62E+01 | 0 0
53| O3+HO, >OH+0,+0, | 6.62E+09 | 0 993.9
54 0;+0—->0,+0, 4.82E+12 | O 4094
55| O3+ CH; — CH;0 +0, 5.83E+10 | O 0
Singlet oxygen
56 0,+e—0, +e f(E/N)
57 H+0,, -OH+0 1.10E+14 | 0 |1.257e+04
58 OH+0—>H+0, 5.80E+12 | 0 |2.454e+04
59| CH;+0, —»CH;0+0 2.11E+13 | 0 |2.852e+04
60 0, +M—>0+0+M 5.82E+21 | 0 |9.539%e+04
61 H,+0," — H+HO, 3.28E+17 | 0 |3.619e+04
62 OH+0, —» 0 +HO, 2.39E+16 | 0 |3.396e+04
63 CO+0, - C0O,+0 3.14E+12 | 0 |1.447e+04
64| CH,+0, — CH;+HO, 7.59E+12 | 0 | 7.2e+04
Chemiionization
65 CH+0O —>HCO" +e 3.00E+11 | 0 | 1.5e+04
66| HCO" + H,O0 — H;0"+ CO | 5.00E+15 | 0 4000
67 H;0"+e - H,0+H 2.29E+18 |-0.5| 2000
68 H;0"+e — H,+ OH 1.25E+19 |-0.5| 4000
Electron impact dissociation
69 0,+e—>0+0+e f(E/N)
70 H,O+e—>H,+0+e f(E/N)
71 CO,+e—>CO+0+e f(E/N)
72 Ho+e—>H+H+e f(E/N)
73] CH,+e—CH;+H+e f(E/N)
Electron impact ionization
74 0,+e— 0, +e+e f(E/N)
75| CH,+e—CH, +e+e f(E/N)
76| CH;+e—>CH; +e+e f(E/N)
Electron attachment and dissociation
77 0,"+e—0+0 3.6132e+19|-1.0 0
78 CH, +e — CHz+H 3.0712e+19(-0.5 0
79| CH, +e—CH,+H+H [3.0712e+19(-0.5 0
80 CH; " +e —>CH,+H 6.3231e+19|-0.5 0

& Third body efficiencies: CH,4: 6.5, CO:0.75,
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CO2:1.5, H2:1, H20:6.5, N2:0.4, 02:0.4



