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ABSTRACT

In this study, simultaneous particle image velocimetry and planar laser induced fluorescence of hydroxyl radical, chemiluminescence imaging,
and hot-wire measurements are utilized to study reacting low swirl flow dynamics under low to high amplitude acoustic excitations. Results
show that a temporal weak recirculation zone exists downstream of the flame, which is enlarged in size under acoustic excitations. Investi-
gations show that temporal behaviors of this recirculation zone play a significant role in flame movements and instabilities. As the acoustic
wave amplitude increases, the flame lift-off distance changes drastically, resulting in flame instabilities (flashback and blowout) during the
excitations. Prior to the flame blowout, although the flame lift-off distance responds periodically to the acoustic perturbations, heat release
fluctuations display an aperiodic response. Flame dynamics are further studied by calculated power spectra of acoustic velocity and heat
release fluctuations and reconstructed phase portraits of heat release fluctuations. Investigations show that increasing the forcing amplitude
results in more deterministic features in the flame dynamics and amplification of the higher harmonic modes in the heat release fluctuations.
However, such regular patterns become scattered prior to the flame blowout due to the existence of nonlinearities induced by high amplitude
excitations. It is speculated that flame blowout can be a symptom of such nonlinearities. The Rayleigh index is measured to study thermoa-
coustic couplings. At low amplitude excitations, various coupling patterns occur at the flame. However, such complex patterns are replaced
by simple coherent patterns, when the flame is excited by high amplitude acoustic perturbations.
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I. INTRODUCTION

Low nitrogen oxides (NOX) combustion devices are highly rel-
evant to meet increasingly stringent emission regulations. Lean pre-
mixed low swirl combustion is one of the novel technologies to
reduce NOX emissions.1 The most important benefit of utilizing
low swirl technology as compared to other lean premixed meth-
ods, viz., high swirl technology, is that in low swirl technology, the
premixed flame is stabilized aerodynamically without any recircu-
lating flow motion.2,3 The lack of strong recirculation zones (RZs)
in low swirl flows decreases the residence time of the combus-
tion products in high temperature zone, which in turn reduces
NOX emissions.4 Unfortunately, it is well known that lean premixed
combustion is highly susceptible to thermoacoustic instabilities.5

Despite valuable concerted community efforts aimed at under-
standing combustion instabilities, predicting combustion instabili-
ties and the key physical processes controlling the instabilities have
been the subjects of growing attention to prevent or tackle catas-
trophic problems caused by combustion instabilities in combus-
tors.5–9 Such instabilities are compounded in low swirl combustion
by the fact that low swirl flames are stabilized aerodynamically at rel-
atively considerable distances downstream of the burner rim. Low
swirl flame stabilization mechanism makes the flame more prone
to both vortical and acoustic perturbations, which can increase
the likelihood of combustion instabilities.10 Therefore, identifica-
tion of low swirl flame dynamic response to acoustic excitations
is imperative to make low swirl burners industrially applicable. To
such aim, it is usually preferable to study flame response in
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an unconfined configuration under external harmonic forcing
perturbations.11

Kang et al.12 and Huang and Ratner13 used planar laser induced
fluorescence of hydroxyl radical (OH-PLIF) and pressure measure-
ments to evaluate a low swirl flame response and the corresponding
Rayleigh criteria. Based on Rayleigh index patterns, it was found that
there is a thermoacoustic coupling at the shear layer near the bound-
ary of the low swirl flame under acoustic excitations. The coupling
is believed to be a result of shear layer entrainments at the flame
boundaries.12,14 Yilmaz et al. determined effects of hydrogen addi-
tion on methane-air low swirl flame response.15 They reported that
hydrogen addition increases the thermoacoustic coupling. Davis
et al. used excited hydroxyl radical (OH∗) chemiluminescence and
phase-locked particle image velocimetry (PIV) to study self-excited
oscillations of a model combustor utilizing a low swirl burner.16

Investigations were carried out on two flames; a methane-air flame
and amethane/hydrogen-air flame. Obtained results showed that the
methane/hydrogen blended flame is attached to the burner, while
the methane flame is lifted. Results corroborated the main findings
of the previous investigations by showing that thermoacoustic cou-
plings increase by hydrogen addition. Ranalli and Ferguson inves-
tigated effects of the exhaust gas recirculation on a low swirl flame
transfer function using chemiluminescence measurements.17 They
showed that exhaust gas recirculation has no considerable effect
on the flame transfer function.17 Zhang and Ratner studied effects
of the elevated pressure on a low swirl flame response.18 Results
showed that at high enough pressure and fluctuation levels, elevated
pressure intensifies the pressure fluctuations, if heat release fluc-
tuations are in phase with pressure fluctuations. Bagheri-Sadeghi
et al. studied effects of acoustic perturbations on low swirl flames
using high-speed imaging.19 Obtained results showed that there are
considerable thermoacoustic couplings at the boundary of the low
swirl flame, which are believed to be the result of flame-turbulent
flow interactions at the shear layers.19 In addition to the above

experimental investigations, Shahsavari et al. utilized large eddy sim-
ulations to examine effects of the external excitations on reacting low
swirl flow characteristics.14,20 Numerical investigations showed that
external excitations increase the local swirl number upstream of the
flame front. Such increases in the swirl number is at maximum value,
when the flow is excited at the dominant hydrodynamic frequency of
the flow field, which in turn induces a central recirculation zone.20

The main objective of the present study is to increase our
understanding of reacting low swirl flow dynamics under acoustic
excitations, in particular, the influence of acoustic wave amplitudes
on the flow and flame dynamics. To such aim, simultaneous PIV
and OH-PLIF methods along with OH∗ chemiluminescence and
hot wire measurements are utilized to capture detailed aspects of
low swirl flow and flame dynamics under acoustic excitations. The
present investigation is organized as follows. Section II of the paper
describes the experimental configuration. Section III presents results
and discussions. Section IV concludes the paper.

II. EXPERIMENTAL CONFIGURATION

The experimental setup used in the present study is schemat-
ically shown in Fig. 1. The experiments are performed using a
methane-air mixture (with equivalence ratio of 0.62). Compressed
air is supplied from a 10 bars compressor facility. Furthermore,
research grade methane (99.5% pure) is used for the present inves-
tigations. Air and fuel are perfectly premixed in a tube of 1000 mm
length and 19 mm diameter upstream of the settling chamber. The
air and fuel flow rates are measured using laminar flow elements
(with the accuracy of 0.2% of the full scale). The premixed air and
fuel mixture is sent from the bottom of the settling chamber. In
order to straighten the flow, a honeycomb section with cell size of
5 mm is used at the bottom of the settling chamber. Further down-
stream of the honeycomb section, 5 layers of mesh screens with size
of 1 mm2 are used to remove large scale turbulence structures. A

FIG. 1. Schematic of the experimental setup.
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vane type low swirl burner used in this investigation is designed
based upon the design rules proposed by Cheng et al.21,22 The
geometry of the low swirl burner employed in the present study
has been described in detail in our previous papers.10,19 How-
ever, a concise description is presented here for completeness.
The low swirl burner consists of two sections; center channel
and swirl annulus. The inner diameter of the burner and center
channel are 40 mm and 28 mm, respectively. The center chan-
nel screen has 29 holes of 2.5 mm diameter. The swirler annulus
consisted of 9 curved vanes with discharge angle of 37○, which
are attached to the center channel. The burner swirl number is
0.5, which is defined as the axial flux of the angular momentum
divided by the axial flux of the axial momentum and the burner
diameter.22

In order to excite the low swirl flame, a function generator
is used to generate harmonic signals. Then, the signals are ampli-
fied by an amplifier and are supplied to a loudspeaker placed
in the settling chamber. In this paper, high speed OH∗ chemi-
luminescence imaging is employed to characterize the transient
low swirl flame dynamics under external acoustic excitations. This
method uses a high-speed camera with resolution of 1280 × 800
and frame rate of 7000 Hz. The camera is fitted with an intensi-
fier, a 105 mm ultraviolet (UV) lens and a hydroxyl (OH) filter
(310 ± 10 nm). Typically, 9000 images are used to calculate the
ensemble averaged results. Moreover, in order to collect the pres-
sure and velocity data a piezo pressure transducer and a hot wire
are mounted at the burner outlet and swirler inlet, respectively.
The hot wire relative expanded uncertainty comprising of calibra-
tor, linearization related to the curve fitting and ambient temper-
ature and pressure deviations is 3% with a 95% confident inter-
val. Moreover, the piezo pressure transducer relative uncertainty
is 2.5%.

In the present study, simultaneous PIV and OH-PLIF measure-
ments are used to obtain velocity and relative OH distributions to
study various features of the unexcited and excited low swirl flames.
To such aim, two separate systems are used for PIV and OH-PLIF
aligned on opposite sides to illuminate a planar region of the reacting
flow. Pixel matching is carried out for cameras and the fields-of-view
overlapped; the resolution is kept the same across both cameras used
for PIV and OH-PLIF measurements. The selected plane crosses
the vertical centerline of the low swirl burner. Figure 2 shows the
temporal separation of PIV and OH-PLIF laser pulses. In the
excited case, both PIV and OH-PLIF techniques are applied in a

FIG. 2. Temporal separation of PIV and OH-PLIF laser pulses.

phase-locked mode. To such aim, the pressure transducer signal was
taken as the reference for triggering the phase-lockedmeasurements.
Then, PIV, OH-PLIF and signal generator systems are triggered
using a delay generator.

The OH-PLIF system consists of (a) an neodymium-doped
yttrium aluminum garnet (Nd:YAG) pulsed laser (with 532 nm,
750 mJ/pulse, repetition rate: 10 Hz) to pump a tunable dye laser
(with Rhodamine 590 dye with 30 mJ/pulse) to excite OH radicals at
λ = 281.8 nm, (b) a beam steering collimated sheet optic lens (75 mm× 1 mm), (c) an intensified camera (pixel resolution: 1024 × 1024,
maximum frame per second 10 fps) fitted with a 50 mm achromatic
UV lens and an OH filter (310 ± 10 nm). The laser pulse energy,
bandwidth and duration at the measuring location are 1.5 mJ/pulse,
50 1/mm, 200 ns, respectively. Furthermore, the laser light sheet
thickness is 1 mm. In the present study, a set of 600 images was
recorded to evaluate ensemble averaged OH-PLIF results.

The 2-component PIV system consists of (a) a Nd:YAG laser
(pulse energy: 30 mJ/pulse, repetition rate: 10 Hz), (b) a beam steer-
ing divergent sheet optic lens (75 mm × 1 mm), (c) a Sensicam (pixel
resolution: 1360 × 1024, maximum frame per second 10 fps) fitted
with a 50 mm lens and a bandpass filter (532 ± 10 nm). Dry 1–5 μm
sized aluminum oxide (AL2O3) particles are used to seed the flow.
The Stokes drag coefficient for such particles in reacting flows
is approximately 0.01.23,24 Therefore, the particles follow the flow
motions with acceptable accuracy.25 In the present study, the PIV
field of view is 93 mm × 116 mm. Furthermore, the PIV interfram-
ing time and laser light sheet thickness are chosen to be, respectively,
19 μs and 1 mm to freeze the out of plane motion of the particles. It
is well known that PIV measurement bias errors are negligible for a
particle image diameter to pixel resolution ratio greater than 4.26 In
the present study, the above ratio is 8 and the bias errors are negligi-
ble. Another error associated with PIV measurement is the velocity
uncertainty. In order to calculate such uncertainty, first, uncertainty
of particle displacement should be evaluated. Previous investigations
showed that the displacement uncertainty of the particles is usually
5% of the particle diameter.27 Accordingly, in the present study, the
velocity uncertainty is 2.6 mm/s based on the displacement uncer-
tainty (0.05 mm) and the PIV interframe time (∆t = 19 μs). In the
present study, a cross correlation algorithm with adaptive multi grid
method applied in DaVis 8.3.0 software are used to calculate the
velocity field from the recorded images. In the present study, a set of
600 image pairs was recorded to evaluate ensemble averaged velocity
results.

III. RESULTS AND DISCUSSIONS

This section is divided into two parts on low swirl flame dynam-
ics. Section III A presents unexcited reacting low swirl flow features
using simultaneous PIV and OH-PLIF methods. Next, Sec. III B,
discussions are presented on the reacting low swirl flow dynam-
ics under acoustic excitations using OH∗ chemiluminescence and
hotwire anemometry along with simultaneous PIV and OH-PLIF
methods.

A. Unexcited low swirl flame

Figures 3(a) and 3(b) show instantaneous distributions of the
seeding particles used in PIV measurements and spatial distribution
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FIG. 3. Instantaneous features of the
low swirl flame, (a) scattered laser sheet
from the seeding particles, (b) spatial dis-
tribution of OH radical from OH-PLIF, and
[(c)–(e)] simultaneous axial velocity dis-
tribution from PIV and flame boundary
(black line) from OH-PLIF.

of OH radical obtained fromOH-PLIF in the low swirl flame, respec-
tively. Comparison of these two figures shows that drastic density
gradient of the seeding particles is a manifestation of the flame posi-
tion. In order to study low swirl flame structures and stabilization
mechanisms, boundary of the flame is superimposed on the spatial
distribution of the axial velocity [Figs. 3(c) and 3(d)]. Here, the flame
boundary is marked using OH-PLIF data (at OH intensity = 0.3 ×
maximum OH intensity). Furthermore, in Figs. 3(c) and 3(d), the
white lines show the boundary of regions with negative axial veloc-
ity. This criterion is used to discern recirculation zones and vortexes.
Figures 3(b) and 3(c) show that the low swirl flame is bowl shaped
with the maximum OH radical at the central region, where the local
flow axial velocity is relatively low. The bowl shaped flame gen-
erated by the present burner is similar to the previously reported
low swirl flames.2,3,28,29 Besides the bowl shape flame, the present

premixed flame exhibits different shapes due to the complex turbu-
lent motions induced by various physical phenomena dominating
the low swirl flow field. Previous investigations showed that large-
scale motions instantaneously wrinkle the flame front and form a
W-shaped flame.30–32 Present experimental investigations reveal that
the same W-shaped flame can instantaneously appear at the cen-
tral region of the swirling jet. Figure 3(d) shows that the off-central
parts of the flame front propagate upstream through the low veloc-
ity regions initiated by hydrodynamic instabilities at the shear layers,
while the central part of the flame is dragged further downstream by
a high-velocity structure. Figure 3(e) shows that a recirculation zone
(RZ) (white lines) exists downstream of the flame front. Such recir-
culation zone appears temporally at Z/D > 1. Figure 4 presents the
ensemble averaged low swirl flow field using (a) simultaneous PIV
and OH-PLIF and (b) OH∗ chemiluminescence methods. Results

FIG. 4. Ensemble averaged low swirl
flame features using (a) simultaneous
axial velocity distribution from PIV and
flame boundary (solid line) from OH-PLIF
and (b) OH∗ chemiluminescence.
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reveal that the overall shape of the low swirl flame is bowl shape and
the ensemble averaged flow field is devoid of any recirculation zone.
Previous numerical simulations of the reacting low swirl flow gener-
ated by the burner developed at Lund University showed the same
temporal recirculation zone downstream of the flame front.33

B. Low swirl flame under acoustic excitations

Low swirl burners are developed to be utilized in various com-
bustion devices, namely, gas turbines, boilers and furnaces.4,22 How-
ever, thermoacoustic instability is one of the main issue of concern
in low swirl combustion, since the low swirl flame is lifted and is
highly prone to disturbances. Therefore, it is mandatory to study
reacting low swirl flow dynamics in acoustically driven environ-
ments with various forcing frequencies and amplitudes. It is known
that low or intermediate frequency thermoacoustic instabilities are
highly important to make near lean blow out flames applicable in
large combustion devices (e.g., boilers).34 In this study, relatively
low frequency acoustic waves are chosen to study effects of acoustic
perturbation amplitude on lean premixed low swirl flame dynamics.
The selected forcing frequencies are in the range of frequencies uti-
lized in previous investigations.12,15 The objective of the present sec-
tion is to address effects of the acoustic wave amplitude on low swirl
flame and flow dynamics aim in understanding both linear and non-
linear responses of the flame to acoustic excitations. To such aim, it
is necessary first to study effects of acoustic contents of the experi-
mental setup on the acoustic waves generated by the loudspeaker to
choose appropriate forcing frequencies (f0) and amplitudes (A). In
order to delineate effects of the settling chamber and contractions
geometry (Fig. 1) on the generated acoustic waves, the wave equa-
tion for sound waves in a lossless medium is solved. To such aim, it
is assumed that the pressure wave p′ is a time harmonic wave as

p(x⃗, t) ≙ p(x⃗)eiωt , (1)

whereω = 2πf is the angular frequency. Using such assumptions, the
three-dimensional wave equation yields the Helmholtz equation as
follows:

∇ ⋅ (−1
ρ
∇p) − ω2p

ρc2
≙ 0, (2)

where ρ is density and c is speed of sound. The Helmholtz equation
is solved using a finite element method using fourth order spectral
elements. The computational domain is meshed using triangular ele-
ments. The maximum element size is set equal to c/(60fmax). The
inlet boundary condition is placed at the speaker outlet, through
which incoming plane waves are imposed at various frequencies.
Moreover, the inlet boundary condition also involves an outgoing
radiating wave. The outlet boundary condition of the computational
domain is placed at the burner outlet, which is prescribed by an
outgoing radiating plane wave boundary condition. A sound hard
boundary condition is used at walls.

Figure 5 plots outgoing acoustic power at the burner outlet nor-
malized by the incoming acoustic power at the inlet boundary con-
dition at various forcing frequencies. The incoming and outgoing
acoustic powers are defined as follows:

Γin ≙ ∫ p20
2ρc

dA, (3)

FIG. 5. Normalized acoustic power.

Γout ≙ ∫ p2

2ρc
dA, (4)

where p0 is the amplitude of the incoming pressure wave at the inlet
boundary condition.

The result shows that the ratio of the acoustic power of the
outgoing waves to the incoming waves is at the maximum value,
when the experimental setup is forced by acoustic waves at forc-
ing frequencies of 50 < f0 (Hz) < 57. This finding indicates that,
at such forcing frequencies, the maximum energy of the acous-
tic waves transmits through this experimental setup. However, the
acoustic power decreases at the burner outlet as the forcing fre-
quency increases. The same reduction in the acoustic power at the
burner outlet occurs at very low forcing frequencies (f0 < 50 Hz).
Figure 5 reveals that the acoustic excitations at 50 Hz have the most
vigorous effects on the low swirl flame. This finding collaborates the
high speed OH∗ chemiluminescence imaging results presented in
the following parts of the paper.

In the present study, investigations were carried out to select
the acoustic wave characteristics in a way to achieve the desire forc-
ing amplitudes at the burner outlet to study linear and nonlinear
responses of the low swirl flame to the acoustic disturbance. How-
ever, investigations showed that adjusting the input voltage of the
loudspeaker with the amplifier at a constant forcing frequency is not
enough to generate acoustic waves with low to high amplitudes at
the burner outlet. Therefore, instead of changing the input voltage
of the loudspeaker to adjust the acoustic power, inspired by Fig. 5,
the frequency of the acoustic wave is adjusted slightly to achieve
the desired acoustic power to study effects of the acoustic excitation
amplitude on the reacting low swirl flow dynamics. In the follow-
ing parts of the paper forcing frequencies of 50, 65, 80 Hz, for which
amplitude of the acoustic waves at the burner outlet is, respectively,
high, medium, and low are chosen to study effects of acoustic excita-
tions on the reacting low swirl flow dynamics. However, it is well
known that amplitude of the loudspeaker response changes dras-
tically below a specific frequency due to the resonance. Here, in
order to make sure that loudspeaker response curve is flat at the
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selected forcing frequencies, the loudspeaker is subjected to several
tests to evaluate the speaker response at low forcing frequencies. To
such aim, a pressure sensor was located at a fixed distance in front
of the speaker. Then, sinusoidal waves were generated by the sig-
nal generator at low frequencies with constant amplitude. For the
sake of brevity, such investigations are not presented here. Stud-
ies indicated that the acoustic wave amplitude is constant (p′/pMean

= 0.045%) at all forcing frequencies considered here. In another
word, the loudspeaker response curve is flat at the selected forcing
frequencies.

Based on Fig. 4(b), the length of the flame is approximately
34 mm. Accordingly, by considering the sound speed in the com-
busted methane/air mixture at equivalence ratio of 0.62 to be
823.3 m/s, the forcing acoustic wavelengths at forcing frequencies
of 50, 65, and 80 Hz are respectively, 471, 362, and 294 times larger
than the flame length. Therefore, all parts of the flame sense approx-
imately the same pressure level at a single phase of the excitations.
In the present paper, the velocity perturbations are measured using
the hot wire located upstream of the swirler. The location of the
hot wire is chosen to make sure that this intrusive measurement
device has no effect on the flame and flow dynamics and to protect
the instrument from flame flashback. Based on the burner dimen-
sions and flame position [Fig. 4(b)], the axial distance between the
hot-wire location and the flame front is 108 mm. Therefore, there
is a phase difference between the recorded velocity fluctuations and
the ones perturbing the flame. Considering the sound propagation
speed in the fresh reactants to be 347.2 m/s, such phase differences
are 9○, 7.3○, and 5.6○ for the selected forcing frequencies of 80, 65,
and 50 Hz, respectively, which are considered in the data postpro-
cessing. It should be mentioned that the Helmholtz frequency of the
present settling chamber is 26 Hz. Therefore, all the selected forcing
frequencies (50, 65, and 80 Hz) are higher than the Helmholtz fre-
quency, which means that there are acoustic waves (both standing
and traveling) in the experimental setup at all the selected forcing
frequencies.

Figure 6 plots time traces of heat release and velocity fluctu-
ations of the excited low swirl flame at f0 = 50, 65, 80 Hz during
the acoustic excitations, acquired by high speed OH∗ chemilumi-
nescence imaging, and hot wire anemometry, respectively. Since the
acoustic wave amplitude is high at the burner outlet in some cases,
first, the experiments were performed for more than 60 s in each case
to make sure that there is no transitioning regime in the data. Then,
data are collected for 3 s to calculate ensemble averaged heat release
and velocity and corresponding fluctuations. Here, heat release in
each time instance is calculated by integrating OH∗ signal through
the whole field of the view in the chemiluminescence imaging. Then,
this set of data is used to calculate mean heat release and heat release
fluctuations. Finally, heat release and velocity fluctuations are nor-
malized by the ensemble averaged heat release and velocity of the
unexcited reacting low swirl flow, respectively. Furthermore, the
flame lift-off distance from the burner rim measured using OH∗

chemiluminescence data is also plotted in Fig. 6, which is normalized
by the lift-off distance of the ensemble averaged unexcited flame.
The flame lift-off distance is the minimum distance between the
flame front and the burner outlet. Time traces of the velocity show
that the amplitudes of the acoustic waves are approximately 50%,
20%, and 10% of the mean flow velocity at the forcing frequencies
of 50, 65, and 80 Hz, respectively. These results collaborate the main
findings of Fig. 5.

Figure 6 shows that both heat release fluctuations and the flame
lift-off distance respond periodically to the sinusoidal velocity per-
turbations induced by the acoustic excitations at all selected forc-
ing conditions. At low (f = 80 Hz and A = 10%) and medium
(f = 65 Hz and A = 20%) forcing amplitudes, although the flame lift-
off distance oscillates under acoustic excitations, the flame remains
lifted during the excitations. Figure 6(a) shows that the low swirl
flame flashes back into the burner at high amplitude excitations
(f = 50 Hz and A = 50%) at phase angles of 270○–360○. However,
since there is no optical access available inside the burner to discern
the flame location, the negative value of the normalized flame lift-off

FIG. 6. Time traces of the normalized heat release and
velocity fluctuations and the flame lift-off distance for the
low swirl flame under (a) high amplitude (A = 50% and
f0 = 50 Hz), (b) medium amplitude (A = 20% f0 = 65 Hz),
and (c) low amplitude (A = 10% and f0 = 80 Hz) acoustic
excitations.
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FIG. 7. Temporal OH∗ distribution of the low swirl flame under low amplitude acoustic excitations (A = 10%) colored by the local Rayleigh index.

distance, which indicates the location of the flame inside the burner,
is not shown in Fig. 6. Time traces of the flame lift-off distance also
show that L/LMean_unexcited is usually less than 1 in all the excited
cases, which implies that the flame lift-off distance decreases under
acoustic excitations.

Figure 6 also shows that phase differences between velocity fluc-
tuations and heat release fluctuations and flame lift-off distance are
not constant during the excitations. However, here, the ensemble
averaged values of such phase differences are calculated using data
over 150 cycles of the excitations. Results show that heat release
fluctuations have 152○, 154○, and 186○ phase differences with the
velocity perturbations at the forcing frequencies of 50, 65, and 80Hz,
respectively. Furthermore, the phase differences between the lift-off
distance and forcing acoustic waves are 102○, 103○, and 100○ for the
excited cases at 50, 65, and 80 Hz, respectively.

Figures 7 and 8 show evolution of the low swirl flame over
one cycle of acoustic excitations at low and medium amplitudes
excitations, respectively, using high speed OH∗ chemiluminescence
imaging. The location of the burner rim is shown for the ref-
erence. In an attempt to quantify the thermoacoustic couplings,
the flame is colored by local Rayleigh index, which is calculated
using35

Rf ≙ ∫ 1

0

p′q′

prmsq
dξ, (5)

where p′ is pressure fluctuation, q′ is heat release fluctuation, prms is
root mean square of pressure and q̄ is mean heat release. The posi-
tive value of Rayleigh index indicates an acoustically driving region,
where the energy feeds back to the acoustic perturbations, while the
negative value shows an acoustically dampening region.

Figure 7 shows that the flame shape under low amplitude
acoustic excitations is approximately bowl shape at all the forc-
ing phases. However, the flame lift-off distance slightly changes
under acoustic excitations. Spatial distribution of Rayleigh index
shows that the thermoacoustic coupling is positive at the base of the
flame at the phase angles of 0○–90○. However, as the phase angle
increases, the base of the flame experiences both acoustically damp-
ing and driving processes. Further downstream of the flame base, the
Rayleigh index is usually negative at the center of the flame at the
phase angles of 0○–180○. However, at the negative amplitude half of
the acoustic perturbations the center of the flame experiences both
damping and driving processes. Results also indicate that Rayleigh
index can be both negative and positive at the boundary of the flame
at all the forcing phases.

Figure 8 shows that the flame shape is highly phase dependent
under medium amplitude acoustic excitations. The lifted flame is
bowl shaped at phase angle of 0○. As the excitation phase increases,
the central parts of the flame gradually move downstream, while the
off-central parts propagate upstream. Combination of these move-
ments results inmore flat type flame. Then, at the negative amplitude

FIG. 8. Temporal OH∗ distribution of the low swirl flame under medium amplitude acoustic excitations (A = 20%) colored by the local Rayleigh index.
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half of the acoustic excitations, some parts of the flame propagate
upstream from the central region, until the flame resumes its origi-
nal bowl shape at the phase angle of 360○. Results also show that the
low swirl flame is compact in the axial direction at phase angles of
150○–300○, while it is dispersed at other phases. Spatial distribution
of Rayleigh index shows that the acoustically driving mechanism
occurs at the positive amplitude half of the acoustic excitations, while
at the negative amplitude half of the perturbations almost whole
parts of the flame act as a damping mechanism.

To get a better insight into the low swirl flame and flow
responses to the acoustic excitations, Fig. 9 shows spatial distribu-
tions of instantaneous and ensemble averaged axial velocity and
flame boundary using simultaneous PIV and OH-PLIF methods
for the low swirl flame under the medium amplitude acoustic
excitations. It should be mentioned that the instantaneous results
are extracted from different cycles of the excitations. However, all
acquired phase-locked data approximately show similar flow and
flame features. Instantaneous results show that the annular swirling
jet is more coherent at phase angles of 0○ and 90○ as compared to
the phase angles of 180○ and 270○, which indicates that the annular
jet experiences more vigorous instabilities at the negative ampli-
tude half of the harmonic excitations. Moreover, ensemble-averaged
results show that the annular swirling jet has much higher veloc-
ity at the positive amplitude half of the harmonic excitations. Here,
isolines of zero axial velocity (white lines) are used to discern bound-
aries of the recirculation zone and vortex structures. Comparison
of Figs. 9 and 3 shows that the recirculation zone is stronger in the
excited flame as compared to the unexcited low swirl flame. How-
ever, ensemble averaged phase-locked results [Fig. 9(b)] reveal that
the recirculation zone diminishes at all phases except phase angle
of 270○. Based on these results, external excitations induce much
stronger recirculation zone downstream of the flame front as com-
pared to the unexcited case. Such changes in the flow features alter
the flame shape. Figure 9 shows that as the recirculation zone moves

downstream, the flame flattens. The flame movements observed in
Fig. 8 are due to the existence of the temporal recirculation zone
induced by the acoustic excitations. Present investigations show that
unlike high swirl combustion in which recirculation zone has no
direct effect on the flame response to the forcing,36 recirculation
zone dynamics under acoustic excitations play a significant role in
inducing flame movements in low swirl combustion.

Figure 10 shows the flame evolution over a cycle of the high
amplitude acoustic excitations (A = 50%). The overall flame evolu-
tion and movements are similar to the excited case under medium
amplitude acoustic excitations (Fig. 8). Figure 10 shows that the
flame becomes completely flat type at phase angles of 30○–90○. Then,
as the phase angle increases, the flame gradually flashes back into
the burner due to a similar temporal recirculation zone observed
in Fig. 9. Finally, the flame propagates out of the burner at phase
angles of θ > 0○ and reaches its original lifted state. Spatial distri-
bution of Rayleigh index shows similar pattern as the one observed
in the flame under medium amplitude excitations. Almost all parts
of the flame act as a driving mechanism at the phase angles of
0○–180○, while they act as a damping mechanism for the acous-
tic energy at phase angles of 180○–360○. Comparison of Figs. 7, 8,
and 10 reveals that, at each phase of the acoustic excitations, all
parts of the flame experience a coherent thermoacoustic coupling
pattern under medium and high forcing amplitudes, while at low
forcing amplitudes various thermoacoustic coupling patterns occur
in the flame. Obviously, all above coupling patterns are phase
dependent.

Present study shows that acoustic excitations with high forcing
amplitudes sometimes induce flame blowout. Figure 11 shows flame
evolution over a cycle of the excitations prior to the flame blowout.
Similar to the other excited cases (Figs. 8 and 10), the flame flattens
at positive amplitude half of the excitations. Moreover, the flame
breaks down into smaller segments as the phase angle increases.
Figure 11 shows that the dispersed regions of heat release in the

FIG. 9. (a) Instantaneous and (b) ensemble averaged axial velocity distributions and low swirl flame positions under medium amplitude acoustic excitations (A = 20%).
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FIG. 10. Temporal OH∗ distribution of the low swirl flame under high amplitude acoustic excitations (A = 50%) colored by the local Rayleigh index.

FIG. 11. Temporal OH∗ distribution of the low swirl flame under high amplitude acoustic excitations (A = 50%, ended up in blowout) during the blowout.

excited flame cannot be reorganized to form the compact flame again
as the phase angle increases. Therefore, the coupling of the acoustic
excitations and the flame dynamics diminishes at such conditions.
This is in contrast to the results presented in Fig. 10, in which the
flat flame is reorganized to form the flashed back and then stable
flames again. In order to explain the key parameter initiating the
flame blowout, the excited low swirl dynamics are considered in the
following parts of the paper.

Figure 12(a) plots normalized heat release fluctuations and the
flame lift-off distance over the last 30 cycles of the excitations, before
flame blowout, for the flame under high amplitude acoustic pertur-
bations. The zoom-in data [highlighted region in Fig. 12(a)] during
five cycles of excitations are also presented in Fig. 12(b) to show
details of the response of the flame to the acoustic perturbations.
Results show that the flame lift-off distance responds periodically to
the acoustic excitations. Here, the averaged phase difference between

FIG. 12. Time traces of normalized heat release and velocity
fluctuations and the flame lift-off distance for the low swirl
flame under high amplitude acoustic excitations (A = 50%,
ended up in blowout).
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the lift-off distance and forcing acoustic waves is 85○. Such phase
difference is smaller than the corresponding phase difference in the
flame under high amplitude acoustic excitations, which is not ended
up in blowout.

Figure 12 also shows that heat release fluctuations do not
respond periodically to the acoustic excitations prior to blowout,
while, as it is already shown in Fig. 6, for the excited cases with-
out flame blowout, the trends are periodic. These findings show that
heat release responds aperiodic to the sinusoidal acoustic excita-
tions prior to the flame blowout, while the overall flame movement
is sinusoidal. Therefore, the precursor event of the flame blowout
induced by the acoustic excitations consists of aperiodic heat release
fluctuations.

Although heat release fluctuations show aperiodic features
under high amplitude acoustic excitations, prior to the flame
blowout, there are deterministic features in the results. In an attempt
to find such features, Figs. 13(a) and 13(b) plot power spectra of
acoustic velocity and heat release fluctuations for the excited cases.
To such aim, velocity data are extracted upstream of the swirler
using the hot wire. Furthermore, using OH∗ chemiluminescence
images, heat release fluctuations are calculated by integrating OH∗

intensity throughout the images. Here, the frequency and power are
normalized by the forcing frequency and maximum power in each
case, respectively. Power spectra of the velocity fluctuations show
that there is a higher harmonic mode of 2f0 in the FFT of veloc-
ity fluctuation data for the flame under high amplitude excitations
(A = 50%). However, power of such harmonic is much lower than
the power of the forcing wave (f0). Power spectrum of heat release

fluctuations of the flame under high amplitude acoustic excitations
(A = 50%) shows that the harmonic in velocity fluctuations induces
a much stronger harmonic in heat release fluctuations. The same
phenomenon can be observed in power spectrum of heat release
fluctuations of the flame under high amplitude acoustic excitations,
which ended up in flame blowout (A = 50% - Blowout). Results indi-
cate that acoustic excitations at the high amplitude condition induce
heat release fluctuations with dominant frequencies of f0, 1.14f0, 2f0,
and 3f0 Hz. Interestingly, heat release fluctuations are stronger at
2f0 as compared to f0. High amplitude acoustic excitations induce
nonlinear features in flame dynamics, which lead to amplification of
higher harmonics in heat release fluctuations.

In order to further characterize dynamics of the low swirl flame
under acoustic excitations, time-delay embedded theorem proposed
by Takens37 is used here to study heat release fluctuations in the
higher dimensional phase space. To such aim, the optimum value
of time delay (τ = 1.4 ms) and minimum value of embedding
dimension (d = 7) utilized in the model are calculated based on
average mutual information38 and method of false nearest neigh-
bors,39 respectively. Figure 13(c) shows the reconstructed phase por-
traits of heat release fluctuations for the excited low swirl flames.
Obtained results show that the phase portraits are more regular
and have oval (or ear) shape for the flame under high amplitude
acoustic excitations (A = 50%). Reducing the forcing amplitude to
20% or 10% results in more scattered oval feature. Such scattered
trajectories in the excited cases with A = 10% or 20% are due to
the variations of heat release fluctuation amplitude during various
cycles of the excitations. These findings are in-line with previous

FIG. 13. (a) Power spectrum of acoustic velocity, (b) power spectrum of heat release fluctuations, and (c) the reconstructed phase portraits of the global heat release
fluctuations for low swirl flame under acoustic excitations with forcing amplitudes of (I) A = 50% (flame ended up in blowout), (II) A = 50%, (III) A = 20% and (IV) A = 10%.

Phys. Fluids 31, 095106 (2019); doi: 10.1063/1.5118826 31, 095106-10

Published under license by AIP Publishing



Physics of Fluids ARTICLE scitation.org/journal/phf

investigations of Pawar et al. on reacting wakes by showing that
increasing the forcing amplitude results in more deterministic fea-
tures in heat release fluctuations.40 However, further increases of
the forcing amplitude result in similar scattered patterns as the one
observed in the flame under low amplitude acoustic perturbations.
The scatter of the trajectory in this case is due to other frequency
contents of the heat release fluctuations, especially the rich harmonic
contents observed in Fig. 13(b), induced by nonlinearities generated
by the high amplitude acoustic excitations.

Flame blowout can be a symptom of such nonlinearity. This
physical phenomenon is somewhat analogous to the energy trans-
fer in turbulent flows. It is well known that as the kinetic energy
of a turbulent flow increases, energy is transferred from large scale
structures to the small scale structures. In the present case, high
amplitude acoustic excitations transfer a large amount of the acous-
tic energy to the turbulent reacting flow. In such conditions, it seems
that the combustion field cannot handle the energy. Therefore, a
noticeable amount of the energy is transferred to the higher har-
monics of the perturbations. In this way, the combustion flow field
can handle the energy by transferring the acoustic energy to the
higher modes of the heat release fluctuations. As a result, the flame
responds aperiodic to the excitations, which finally results in inca-
pability of the flame to reorganize itself from the dispersed flame
(Fig. 11), which is followed by the flame blowout. Figure 13 also
shows that heat release fluctuations respond linearly to the acous-
tic excitations at low (A = 10%) and medium amplitude (A = 20%)
conditions.

IV. CONCLUSIONS

Low swirl stabilization is a novel dry low NOx mode to stabi-
lize lean premixed flames. However, this combustion mode is highly
prone to acoustic perturbations, since the premixed flame stabilized
by the low swirl flow is lifted and detached from the burner. The
main objective of the present investigation is to utilize simultane-
ous PIV and OH-PLIF methods along with OH∗ chemilumines-
cence and hot-wire measurements to evaluate key effects of acoustic
perturbations on a lean premixed low swirl flame.

Low swirl flame response to low to intermediate amplitude
acoustic perturbations showed that both heat release fluctuations
and the flame lift-off distance respond periodically to the acoustic
perturbations. As the forcing amplitude increases, the flame lift-off
distance changes drastically insofar as the flame flashes back or blows
out during the excitations. Such drastic flame movements are due
to a relatively strong recirculation zone induced by acoustic exci-
tations. Phase portraits results showed that increasing the acoustic
wave amplitude results in more deterministic features in the flame
response, if the flame does not blowout due to the excitations. The
data obtained prior to the flame blowout showed that the heat release
fluctuations have a highly nondeterministic aperiodic response to
the perturbations, while the flame lift-off distance responds period-
ically to the perturbations. The present investigations showed that
high amplitude acoustic excitations induce nonlinear features in the
flame dynamics, which lead to amplification of higher harmonics in
heat release fluctuations. Flame blowout can be a symptom of such
nonlinearity.

In an attempt to further study the low swirl flame dynam-
ics under acoustic excitations, the Rayleigh index was calculated at

various phases of the acoustic excitations. Obtained results revealed
that, at low amplitude acoustic excitations, the base of the flame acts
as an acoustically driving region at the phase angles of 0○–90○, while
at such phase angles, the damping process occurs at the center of the
flame. However, as the phase angle increases, the center and base of
the flame experiences both damping and driving processes. Results
also showed that the boundary of the flame experiences both damp-
ing and driving processes at all phases of the low amplitude acoustic
excitations. However, at medium and high amplitude acoustic exci-
tations, the acoustically driving mechanism occurs through almost
the whole flame regions at the positive amplitude half of the acoustic
perturbations, while at the negative amplitude half of the perturba-
tions, almost all parts of the flame act as a damper for the acoustic
energy.
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