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Abstract
Microwave stimulated turbulent combustion has been experimentally and computationally examined in a low-swirl
burner configuration. Experimental work has focused on laser-induced fluorescence of formaldehyde (CH2O) and
methylidyne radicals (CH) as well as studies of flame emission. A reduced 102 step chemical kinetics model has
been developed with the aim of implementation in combustion Large Eddy simulations. The experimental and
simulated results show consistent trends with obvious increase in flame speed which result in better flame stability
when a microwave field is applied to stimulate the flame.
Introduction
Research on Plasma-assisted combustion has attracted
an increasing interest the last decade due to the potential
of combustion enhancement and control [1]. Such
features would imply combustion at lower flame
temperatures as well as restraining growth of
combustion instabilities to reduce NOx-formation and
emission of unburned hydrocarbons, respectively. One
option is to add electric energy in the form of
microwave radiation to the combustion process. The
intent is that the microwave radiation is absorbed by the
flame without formation of microwave-breakdown
discharge. Previous investigations assert that microwave
stimulation of laminar flames have shown an increase in
laminar flame speed without occurrence of microwave
discharges [2]. Rao et al. saw similar effects at lower
electric fields as well as an increase in occurrence of
excited hydroxyl radicals (OH) and carbon monoxide
(CO) in a laminar flame [3]. Further, as they increased
the input power of microwaves a plasma plume was
formed in the flame region which affected the flame
structure and significantly lowered the flammability
limit.
Yu et al. investigated chemical kinetic modeling of
the influence of microwave interaction with a methaneair flame using a modified version of the GRI1.2
mechanism [4]. The electron number density obtained
was in good agreement with previous experimental
results [5]. Furthermore, sensitivity analysis revealed
that the electron number density is dominated by the
chemionization reaction CH+O->HCO++e and that
excited CH* plays a negligible role in electron
formation.
The long term goal of the present work is to make
energy conversion in gas turbines more efficient. The
studies are similar to what was conducted by Rao et al.
but instead using a 30 kW turbulent low-swirl flame that
is run with lean methane/air gas mixtures. Initial
experimental tests have shown increasing flame activity
together with an increased occurrence of flame


Corresponding author: andreas.ehn@forbrf.lth.se
Proceedings of the European Combustion Meeting 2015

luminescence with increasing microwave power. In
addition, the increased activity of the flame seems to
allow it to burn at leaner flame conditions. Planar laserinduced fluorescence of CH2O and CH have been
conducted for pinpointing effects of the microwave
stimulation in the preheat and reaction zone,
respectively. Reduced kinetics mechanisms have being
developed for Combustion Large-Eddy simulations to
model microwave-assisted combustion in the low-swirl
geometry. Here, results from a newly developed
reduced mechanism are presented. The mechanism is
based on a reduced methane/air mechanism where
reduced submechanisms of ozone and singlet oxygen
chemistry, chemiionization and electron impact as well
as excited states of nitrogen are included.
Experimental Setup
Low swirl burner
For investigating the influence of microwave
stimulation a lean premixed lifted flame stabilized by a
low-swirl burner was used [6, 7]. The low-swirl flow is
created by an outer annular swirler, with eight swirlvanes, in combination with an inner perforated plate that
allows for about 40% by volume of the mixture to pass
through (Figure 1) [7]. After passing the
swirler/perforated
plate
premixed
methane/air
discharges through a 50 mm nozzle into a cylindrical

Figure 1 The annular swirler and the inner perforated
plate.

chamber (300 mm in diameter) with a co- flow of air of
0.4 m/s. The chamber in combination with two metallic
meshes is used as an enclosure for the applied
microwave field, see below Figure 3a. To assure wellcontrolled 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).
The resulting outflow from the nozzle has an inner
low velocity non-swirling region (-10 mm< r < 10 mm,
r = radius) and an outer region with higher axial and
tangential velocities [6, 7]. Away from the nozzle the
flow diverges causing the axial velocity in the center
region to gradually decrease to create a low-speed
region where the freely propagating turbulent flame can
be stabilized. The investigated flames are categorized in
the flamelet (leading edge) and the thin reaction zone
regime (trailing edge) of the turbulent combustion
diagram [8]. In previous studies of lean unconfined
methane/air flames (equivalence ratio ϕ=0.62) the mean
flame position at the centerline is 33 mm above the
nozzle for Re=20,000, and slightly lower for Re=30,000
[7]. With the present set-up the flow field is expected to
be moderately influenced by the mesh above the nozzle
exit compared to previously performed studies.
However, as only relative changes, with and without
microwave stimulation, of the mean flame position and
shape are of interest in this investigation the influence
of the mesh on the flow field can be accepted.

300 W, which is about 1% of the total effect of the
flame. Incident and reflected microwave power is
measured by means of Herotek DZM124AB microwave
diodes coupled to electric field sensors built into the
circulator.
The aluminum chamber has two slits and together
with a view port in the chamber PLIF measurements are
possible to carry out. Leakage of microwave radiation
from the slits into the surrounding lab is avoided by
making the slits narrow and by mounting microwave
traps, i.e. metallic tubes that do not allow for radiation
of the wavelength used to escape. The view port is
shielded by the use of a metallic mesh. In order to create
a simple resonant cavity around the flame two metallic
meshes are used, one just above the burner nozzle (but
below the actual flame) and one at the top of the cavity,
see Figure 2. The microwave chamber around the
burner is designed to resonate in the TM026 mode at
2.45 GHz, see Figure 3a. The mode pattern was
modeled and experimentally investigated at the bottom
of the chamber using temperature sensitive liquid
crystal sheets (Edmund Optics). These experimental
results are in good agreement to the simulated results
that are displayed in Figure 3b.

Microwave system
The microwave system consist of a National Electronics
GA15MP, 2.45 GHz, industrial magnetron including a
circulator and a load to absorb reflected power, sensors
for incident and reflected power and a three stub tuner,
see Figure 2. The magnetron is capable of delivering up
to 15 kW of microwave power into a matched load.
However, in the experiments reported here the
maximum power absorbed by the flame never exceeds

Figure 3 (a) CAD representation of the burner and the
microwave cavity. Two metallic meshes are used to
create a cylindrical cavity in, and around, the flame
region. The cavity is designed to resonate at the
TM026 mode. (b) Representation of the relative field
strength for the TM026 mode inside the microwave
cavity.
Optical arrangement
Two separate laser systems were used to study the
spatial distribution of CH and CH2O which are
distributed in the reaction zone and the preheat zone,
respectively. An Alexandrite laser (101PAL, Light
Age), tuned to 387 nm, was used for excitation of CH,
where a detailed description of the excitation scheme is
given by Li et al. [9]. Formaldehyde was probed by a
frequency tripled Brilliant B laser (Quantell) providing
355 nm laser pulses with a pulse duration of less than 10
ns. The optical arrangement is displayed in Figure 2.
The molecular distributions were sequentially measured
using a kinematic mount for the M3 mirror to alternate
between the excitation schemes. The laser beams are
entering the aluminum microwave cavity through a 50
mm long aluminum tube with an inner diameter of 20
mm. This microwave-trap arrangement allows the laser

Figure 2 Schematic picture of microwave setup and the
coupling of microwaves via the tuner into the resonant
chamber and the flame. The 355 nm laser beam is
directed into the optical path of the 387 nm beam using
a kinematic mirror (M3). Two Cylinder lenses (CL) are
used to create a laser sheet and an ICCD camera
acquires PLIF images through the view port which is
equipped with a double mesh.
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beams to enter the measurement volume while it
prevents microwave to leak out. The laser beams are
focused in the center of the low swirl flame using a
quartz cylinder lens (CL1) with a focal length of 1000
mm. A negative quartz cylinder lens (CL2), with a focal
length of -40 mm, was used to expand the beams in the
vertical direction to form a slightly diverging laser sheet
with an approximate height of 5 cm in the measurement
volume. This type of diverging arrangement was
arranged in order to form a large-enough laser sheet
through the microwave trap. A built-in metal beam
dump was used to dump the laser light in the chamber
which was spray painted with graphite to minimize
scattered laser light.
A PI-MAX 3 ICCD camera (Princeton Instruments)
was used to capture PLIF data. The camera was
equipped with a 50 mm/1.2 Nikon lens where double
GG400 Schott filters (1 mm thick) were used to
discriminate stray laser light.
Modeling System
Simulations were carried out using Cantera [10]. The
base of the kinetic mechanism used is a 42-step skeletal
methane-air mechanism consisting of 18 species, here
called Z42. This mechanism is well characterized both
for a wide range of equivalence ratios but also for
different temperatures and pressures. Added to that
skeletal mechanism is a series of sub mechanisms
starting with a thirteen step ozone reaction sub
mechanism and an eight step singlet oxygen sub
mechanism. Reactions for chemiionization, electronic
excitation, electron impact dissociation, electron impact
ionization, electron impact and excited nitrogen states
are also added which all in all gives a skeletal
mechanism consisting of 102 reactions and 31 species.
The reaction rates for these reactions were taken from
Aleksandrov et al. and Prager et al. [11, 12] and
calculated from electron cross sections using the free
software BOLSIG+ [13].
Results and Discussion
The experiments presented in this paper were conducted
at varying equivalence ratio ranging from 0.57 to 0.62.
With an inlet gas temperature of 300 K and pressure of
1 atm the laminar flame speed, at ϕ = 0.62, calculated
using Peters’ mechanism [14] is 12 cm/s. The Reynolds
numbers (Re) based on the bulk flow velocity of 6.2 m/s
and diameter at the burner exit were about 20 000.

Figure 4 Averaged flame emission data (a) without
microwave stimulation and (b) with microwave
stimulation. (c) Images in (a) and (b) are arranged in a
ratio to visualize the changes in signal with respect to
microwave stimulation.

Flame emission
The ICCD camera was used to acquire flame emission
at different electric field strengths. Thirty images, each
with an acquisition time of 1 s, are averaged for good
statistics of the turbulent flame. In these measurements
ϕ was 0.57 and measurements were conducted both with
and without microwave stimulation. The absorbed
microwave power was roughly 100W. Averaged images
of the flame emission with and without microwave
stimulation are shown in Figure 4a and b, respectively.

Identical colorbars are used to visualize the two
images and it is obvious that the signal intensity is
increased with microwave stimulation. A ratio of the
two images is displayed in Figure 4c indicating a signal
increase of 10-15% in the area where the strongest
signal is seen. The signal in the nominator of the ratio
(IMW) is cut off using a threshold signal intensity of
about 5% of its maximum in order to suppress the noise
that appears at locations where the denominator signal is
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close to zero. In addition, the difference in signal
strength increases further down towards the nozzle.
The most obvious reason for this difference in signal
distributions is that the flame moves towards the burner
when microwaves are interacting with the flame.
However, flame emission is acquired in line of sight and
since the flame diameter is smaller at the bottom the
intensity difference is enhanced at lower positions in the
flame.
Laser induced fluorescence of CH
Planar laser-induced fluorescence of CH was performed
and averaged distributions of CH are displayed in
Figure 5a and b without and with microwaves,
respectively. Imaging of CH PLIF is frequently used as
a flame front marker and are therefore of interest in
terms of the energy coupling of electric power to the
flame chemistry. The averaged data, shown in Figure 5a
and b consists of 300 single-shot images that have been
corrected for background. Furthermore, a median filter
has been used to get rid of erroneous pixel values and
strong scattering. By comparing Figure 5a and b, it
seems like the flame is shifted a little bit to the right and
that the CH-PLIF signal is slightly increased. This
signal increase might be a result of more stable
combustion with microwave stimulation and that the
CH-distribution therefore is confined in a smaller
volume. Further, even though the signal is somewhat
noisy Figure 5c indicates that the signal is shifted
downwards when the flame is exposed to microwaves
since the upper part of the signal ratio is below 1 and the
lower part has a reddish tone indicating a value above 1.
Laser induced fluorescence of CH2O
Formaldehyde is a product in the early stages of
combustion that occur below and around 1000 K [15].
Previous work has shown that ozone, which is a typical
plasma product, has an effect on the initial phase of
combustion [16, 17]. Formaldehyde concentration is
increased when ozone is added to premixed methane/air
flames as a result of excessive increase in O-atom
concentration. Formaldehyde PLIF images captured
from measurements with and without microwave
stimulation are shown in Figure 6a and b, respectively.
These images show averaged data from 300 single-shot
images that has been corrected for background. The
images show a substantial difference due to the effect of
microwave stimulated combustion. First, there is a clear
indication that the formaldehyde distribution is shifted
closer to the burner nozzle. This is a result similar to
what was reported by Ehn et al. [16] when ozone was
seeded into the flame, which shows that the applied
microwave field enhances the flame speed. Second,
there is a substantial formaldehyde signal in the top of
the image, about 8 cm above the burner nozzle. This
signal increase when ϕ is reduced and the flame gets
less stable. Previous results, presented by Carlsson et al.
have shown that unburned hydrocarbons recirculate into
the center of the flame further downstream [18]. In
addition Zhou and co-workers showed that a second

Figure 5 Averaged CH PLIF images (a) without and (b)
with microwaves. (c) A ratio image of (b)/(a).
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regime of combustion occurs downstream as the
recirculated fuel is consumed [19]. These results show

that the formaldehyde signal, that is located
downstream, is decreased as microwaves are present in
the measurement volume. Altogether, these results
indicate that the applied microwave field seems to make
the flame more stable and therefore lower losses of
unburned hydrocarbon in the emission.
Third, the formaldehyde signal strength, stemming
from the formaldehyde that is produced in the near
vicinity of the leading edge, is increased as the flame is
stimulated by a microwave field. The flame shift and
signal enhancement that is seen upstream is better
illustrated in Figure 6c where a ratio of the two images
from Figure 6b and Figure 6a are displayed. Note that
the color bar is adjusted to show the range 0 to 4, where
the center of the flame displays a value around 1 or
lower.
Chemical kinetics
Laminar flame speed vs ϕ calculated using the newly
developed reduced kinetic mechanism for three different
values of reduced electric field strength, 0 Td, 50 Td
and 100 Td, can be seen in Figure 7. Here Td stands for
Townsend and is the unit used to denote the reduced
electric field, 1 Td = 1021 * E/N [Vm2], where E is the
electric field in V/m and N is the gas number density
given in m-3.
The blue, red and green curves show results that
were calculated using the newly developed 102-step
reaction mechanism. Results that serve as a reference
are show in black and these simulations were carried out
without applying any electric field using the wellestablished GRI 3.0 mechanism [20]. The results from
the reference simulation agree fairly well with the green
curve, indicating that the reduced 42 step methane
combustion mechanism provides fairly accurate flame
speeds. Obviously the flame speed increases with
increased field strength of the electric field, which
resonates well with the experimental results that are
presented above.

Figure 7 Laminar flame speed vs phi calculated using
the newly developed reduced kinetic mechanism for
three reduced electric field strengths. The green, red
and blue curves represent data for 0, 50 and 100 Td,
respectively. The black curve represents reference data
that is calculated without any electric field using the
GRI3.0 mechanism.

Figure 6 Planar laser-induced fluorescence of CH2O
are shown (a) without applying microwaves to the flame
and (b) with microwaves. (c) A Ratio of the images (b)
and (a) is shown to illustrates the effect of microwave
stimulation of the flame.
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Conclusion
A turbulent 30 kW low-swirl flame is investigated as it
is being stimulated by an external electric microwave
field. The microwave stimulation increases the
chemiluminescence as well as the PLIF signal from CH
and CH2O. This increase in signal intensities is
accompanied by a shift of the distributions of these
signals which are moved closer to the burner nozzle
indicating an increase in flame speed for the turbulent
flame as microwaves are applied to the flame. This is
supported by CANTERA simulations where a newly
developed reduced chemical kinetics model predicts
similar trends. The reduced kinetic model is based on
102 reactions were of which 42 reactions describes the
methane/air chemistry, ozone and singlet chemistry are
described by 13 and eight reaction steps, respectively,
whereas chemiionization, electronic excitation, -impact
dissociation, -impact ionization, -impact and excited
nitrogen states are described by the residual ones. This
work is ongoing with the next step of quantifying the
experimental conditions and using these conditions as
input values in combustion LES simulations where the
reduced chemistry is implemented.
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