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ABSTRACT

Modern power generation gas turbine engines operate in pri-
marily fuel-lean conditions in order to mitigate harmful emis-
sions. Lean combustion systems, however, are susceptible to
combustion instabilities, which arise from a resonant coupling
between coherent oscillations in the unsteady heat release rate
and the acoustic modes of the combustor. The occurrence of
combustion instabilities can severely limit engine performance
and operability. To design effective instability control mecha-
nisms, it is critical to understand the response of flames to co-
herent fluctuations in the velocity and pressure fields of the flow.
In addition to coherent oscillations, combustor flow fields also
experience high levels of perturbations arising from turbulence,
which can significantly alter the flow and flame dynamics. In
this work, we study the coherent heat release response of a rod-
stabilized flame subjected to longitudinal acoustic forcing at two
levels of in-flow turbulence. We systematically vary the ampli-
tude of acoustic excitation at two frequencies - the natural fre-
quency of vortex shedding and its first harmonic — at both turbu-
lence levels. Our results show that the amplitude of the coher-
ent heat release response is strongly dependent on the turbulence
intensity. Additionally, the impact of turbulence on the coher-
ent heat release response is a function of the acoustic forcing
frequency. These results provide insight into the interaction be-
tween coherent and turbulent motions in the flow and their impact
on unsteady heat release oscillations in gas turbine combustors.

*Address all correspondence to this author. Author’s new affiliation: Argonne
National Laboratory, akarmarkar @anl.gov

NOMENCLATURE
Disturbance amplitude
Disturbance decay rate
Ratio of disturbance spatial wavelengths
Propagation speed ratio
Total flame disturbance
St Turbulent flame speed
Vpp Forcing voltage

¢ Flame progress variable
fo Forcing frequency

fs Sampling frequency

RS

k  Wavenumber
[y Flame length
n  Non-local disturbance amplitude

Coherent pressure fluctuation
Individual flame disturbance waveform
Time
Turbulent fluctuation
Time-averaged velocity
u. Convection velocity
wy  Flame wrinkle amplitude
x Downstream coordinate
y  Cross-stream coordinate
& Global coherent chemiluminescence fluctuation
¥ Local coherent chemiluminescence fluctuation
a  Disturbance decay rate
A¢ Phase delay
® Angular frequency
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@ Coherent vorticity fluctuation

INTRODUCTION

Bluff-body stabilized flames are used in a number of gas
turbine combustion applications, including both main combus-
tors and afterburners [1]. Flame stabilization is greatly enhanced
through the use of bluff bodies, as the recirculation zone down-
stream of the bluff body provides a region of hot, radical-filled
gases to back-support the flame, even at very high flow veloc-
ities. Additionally, the shear layers separating from the bluff
body provide regions of slower-moving fluid for flame stabiliza-
tion. Despite the benefits of these regions of strong shear and
recirculation for static flame stabilization, these features can also
result in instabilities in a bluff body flow field [2]. The unstable
flow field can be further disturbed by the presence of acoustic
forcing, resulting in high levels of flow oscillation that can lead
to heat release rate oscillations in the flame through a velocity-
coupling mechanism [3]. Feedback between flame heat release
rate oscillations and acoustics in combustion systems can lead to
thermoacoustic combustion oscillations, which can have harmful
effects on the performance of gas turbine combustors and after-
burners [4]. The goal of this work is to understand the impact
of turbulent fluctuations on this velocity-coupled response in a
rod-stabilized flame subject to acoustic forcing.

To understand the interaction of bluff-body stabilized flames
and acoustic forcing, it is first important to consider the hydro-
dynamic instability behavior of the flow and the response of the
flow to acoustics. Bluff body flows can display two hydrody-
namic instabilities: the Kelvin-Helmholtz (KH) instability in the
shear layers and the Bérnard von Karman (BVK) instability in
the wake [5]. The KH instability is a convective instability,
which amplifies incoming disturbances, including acoustic dis-
turbances. However, the BVK instability is a global instability,
which acts as a self-excited oscillator and results in a large-scale
anti-symmetric vortex street downstream of the bluff-body recir-
culation zone. The response of wake flows to acoustic forcing
is complex, as the amplification of external disturbances by con-
vectively and globally unstable flows are fundamentally differ-
ent. Provansal et al. [6] showed that the shear layers of a bluff-
body flow did respond to external excitation. However, the global
instability is a self-excited oscillation whose response to exter-
nal excitation could take many forms. For example, forcing a
wake near or at its most unstable frequency can cause lock-in
and amplification of the input disturbance [7]. Forcing at a fre-
quency away from the natural vortex shedding frequency, how-
ever, can result in an insignificantly small response at the forcing
frequency.

The presence of a flame can change the stability of the wake
flow as well as its response to acoustic forcing through the pres-
ence of a density gradient, which changes the hydrodynamic sta-
bility characteristics of the flow. Linear stability analysis from

Yu and Monkewitz [8] in a wake with a step profile showed the
sensitivity of the system to both back-flow ratio and density ratio.
Increasing back-flow ratio destabilized the wake, while increas-
ing the density ratio stabilized the wake. Experimental work by
Emerson et al. [9] showed this same trend occurs in a reacting
wake, where a flame stabilized in the shear layers causes a den-
sity gradient between the centerline of the wake and the ambient
fluid. Decreasing the temperature ratio across the flame using
flow vitiation resulted in a density ratio near unity and more anti-
symmetric wake oscillation. Similar results in large-eddy sim-
ulation were observed by Erickson and Soteriou [10]. Results
from both Emerson et al. [11] and Erickson and Soteriou [10]
showed that the stabilizing effect of the density gradient was de-
pendent on the co-location of the density gradient (or flame) and
the shear layer. By moving the flame further into the reactants
and away from the shear layer, even a wake flow with a density
ratio much greater than unity could display anti-symmetric vor-
tex shedding in the wake.

At operating conditions where the density ratio is signifi-
cantly greater than unity and is co-located with the shear layer,
the flame response to acoustics is almost entirely determined
by the shear layer response to acoustic forcing, as the global
wake instability is completely suppressed. Experiments by
Shanbhogue et al. [12] showed strong bluff-body flame response
at the forcing frequency for a range of longitudinal acoustic forc-
ing amplitudes. However, instances where the density ratio is
close to unity or the flame is non-co-located with the shear layer,
allowing some activity in the anti-symmetric vortex shedding
mode, can have a complex response to longitudinal acoustic forc-
ing. Emerson and Lieuwen [13] considered the dynamics of
longitudinally-forced, near-unity-density-ratio bluff-body stabi-
lized flames over a range of forcing frequencies. They showed
that the response of the flame to symmetric acoustic forcing at
the preferred mode of the wake resulted in both anti-symmetric
and symmetric oscillations of the flame.

Put together, the response of the flame in a velocity-coupled
system can be the result of many different velocity fluctuations.
Some of these oscillations are coherent, including the vortices
excited by acoustic forcing or the self-excited vortical oscilla-
tions that arise from the hydrodynamic instability in the flow
field. Other oscillations are incoherent, particularly the turbulent
oscillations that lead to flame wrinkling. The net effect of each
disturbance on the flame, integrated over the length of the flame,
determines the global heat release rate oscillation. Analysis by
Preetham et al. [14] using a level-set formulation showed that
the flame response at a given location is the result of both local
and non-local disturbances. In a bluff-body stabilized flame, the
local disturbance would arise from local flame wrinkling caused
by vortices that convect along the flame. In any burner-stabilized
flame, the non-local disturbance results from the imposition of
the boundary condition on the flame, which creates a “root wave”
or “base wave” that travels along the flame at a convection speed



that may not be equal to the vortical convection speed. Work
by Humphrey et al. [15] explored the propagation of non-local
disturbances along the flame front in a rod-stabilized, turbulent
premixed flame. In this experiment, the rod oscillated transverse
to the direction of flow, creating wrinkles that convected along
the flame. These wrinkles are an example of non-local distur-
bances, as no acoustic forcing or vortex shedding was present
in this experiment. Results from this work show the important
impact that turbulence can have on the propagation of coherent,
non-local flame wrinkles.

In systems with vortex shedding, like the one considered
in this study, the formation of the vortex at the location where
the flame is stabilized creates a root wave that propagates down-
stream as a non-local disturbance. The vortex also propagates
downstream, creating local flame wrinkles, although the vortex
propagation speed does not need to be the same as that of the root
wave. As a result, interference patterns between the local and
non-local disturbances can be observed in the flame area fluctu-
ations and resultant heat release rate response along the length
of the flame. These multiple disturbances are also the reason for
nodes in the flame transfer function, which can occur when the
local and non-local disturbances cancel each other out over the
entire length of the flame, resulting in no global heat release rate
response. Experimental observations of these cancellation phe-
nomena are common in the flame-response literature [16—18].

Recent work by AEsgy et al. [19] has shown the impact that
multiple vortical disturbances can have on axisymmetric bluff-
body stabilized flames. In this experiment, a series of cylinders
were placed in the annular passage upstream of the dump plane
of the combustor to create vortical disturbances in presence of
acoustic forcing. The flame, stabilized on a cylindrical center-
body, then saw the influence of the vortical disturbances from
both the upstream cylinders and the vortex shedding at the edge
of the centerbody, as well as the root wave. The phase between
the two vortical disturbances was controlled by moving the set of
cylinders relative to the dump plane to alter the convective time
delay between vortex creation and impingement on the flame.
The flame transfer function (FTF), a ratio of global heat release
rate oscillations to input acoustic velocity oscillations, was mea-
sured at a range of frequencies. Both the amplitude of the FTF
and the location of its peaks and troughs were varied by chang-
ing both cylinder location relative to the dump plane and flow
velocity. Analysis of the FTF in the complex plane using pha-
sors showed the key role that the phase between the two distur-
bances played in determining the global flame response. This
configuration resulted in three disturbances on the flame — two
local from the two vortical disturbances and one non-local from
the root wave. The current study also has a three-wave config-
uration, although the source of the two local vortically-induced
waves is different than in the work by ZEsgy et al..

Further analytical work by Hemchandra and coworkers
[20,21] showed the mitigating role of turbulent fluctuations on

the response of flames to longitudinal acoustic excitation. Hem-
chandra and Lieuwen [20] showed the impact of turbulence on
local flame wrinkling in a rod-stabilized flame very similar to
the configuration in the present study. Even in the absence of
acoustic forcing, the non-local effect of the turbulent oscillations
upstream of a given point, termed “memory effects” in the paper,
modulate the oscillation of a turbulent flame at a given location.
However, higher turbulent intensities result in shorter correlation
length scales, such that the impact of the non-local disturbance
decays more quickly due to the action of enhance kinematic
restoration of the flame front. Experimental work by Chaparro et
al. [22] and Kheirkhah and Giilder [23] both show the dramatic
change in topology of bluff-body stabilized flames in the pres-
ence of turbulence. In Hemchandra et al. [21], this concept was
extended to turbulent rod-stabilized flames with acoustic forc-
ing, where turbulence was shown to both linearly and nonlinearly
interact with the coherent wrinkles formed by acoustic forcing
on a flame front. Here, the turbulence suppresses the coherent
response of the flame to acoustic excitation through enhanced
flame speed and faster kinematic restoration of flame wrinkles
formed by coherent forcing. Very similar results are measured in
the current experiments.

The current work considers the dynamics of a rod-stabilized
flame at two different turbulence intensities. The flame is acous-
tically forced at the natural frequency of wake vortex shedding
measured in the non-reacting case, as well as the first harmonic
of that frequency. Flame heat release rate response is measured
using high-speed CH* chemiluminescence. High-speed particle
image velocimetry is used to measure the velocity field oscil-
lations. We find that the flame response at the natural vortex
shedding frequency is a superposition of multiple disturbances,
including both symmetric and anti-symmetric vortex shedding
present in the wake, leading to local constructive and destruc-
tive interference of flame heat release rate oscillations along the
length of the flame. A simple analytical model is used to explain
the source of this interference pattern. At the first harmonic, only
the symmetric vortical disturbance is present, which significantly
alters the local heat release rate dynamics. Implications for un-
derstanding thermoacoustic instability are discussed in conjunc-
tion with the results.

EXPERIMENT
Experimental Facility

The experiment consists of a rod-stabilized flame in a tur-
bulent flow. The facility is pictured in Figure 1; the flow meter-
ing and control is described in more detail by Tyagi et al. [24]
and this experimental configuration is described in more detail in
Karmarkar et al. [25], so only a brief overview is provided here.
In this experiment, fully-premixed air and natural gas (> 95%
methane) at room temperature ( 300 K) and atmospheric pres-
sure ( 1 atm) flow into a rectangular burner with cross-sectional
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FIGURE 1. Experiment configuration.

dimensions of 30 mm x 100 mm. The fuel/air mixture flows
through two ceramic honeycomb flow straighteners and the flame
is stabilized on a 100 mm long, 3.18 mm diameter (D) rod that
runs along the center of the burner. Turbulence is generated by
perforated plates with a staggered hole pattern; the hole diame-
ter is 3.2 mm and the open area of the plate is 40%. We test at
two turbulence conditions, one without perforated plates and one
with two perforated plates located 10 mm and 30 mm upstream of
the burner exit. The in-flow fuel and air mixture is stoichiometric
at all operating conditions in this study. However, local entrain-
ment of ambient air into the mixture is expected, which means
that the local equivalence ratio of the flame is likely lean. We do
not attempt to account for any local variation in the equivalence
ratio in this analysis, as the flame dynamics are not strongly de-
pendent on equivalence ratio and we do not observe any local or
global extinction as a result of this entrainment.

All data is obtained with a flow velocity of 10 m/s (Rep =
2036). The configuration without perforated plates has an in-flow
turbulence intensity of 5% and the configuration with two perfo-
rated plates has an in-flow turbulence intensity of 11%. More
detailed characterization of the inflow turbulence is provided in
Karmarkar et al. [25]. A speaker located upstream of the two
honeycombs provides acoustic excitation of the flow and flame.
The combination of a waveform generator and amplifier are used
to generate the signal that drives the speaker. The acoustic excita-
tion amplitude is modulated by varying the voltage on the wave-
form generator at a constant amplifier setting. The acoustic pres-
sure fluctuation is measured using a piezoelectric pressure trans-
ducer (PCB 113B28) located upstream of the perforated plates.
Pressure data is collected at 100 kHz for 1 second.

Diagnostics

High-speed stereo particle image velocimetry (PIV) is used
to measure three components of velocity along the center-
line plane of the experiment. A dual cavity, Nd:YAG laser
(Quantronix Hawk Duo) operating at 532 nm illuminates alu-

minum oxide particles (0.5-2 microns) with a 50 mm wide, 1 mm
thick sheet. Images of the particles are captured with two high-
speed CMOS cameras (Photron FASTCAM SAS) in forward-
forward scatter mode with the cameras at an angle of approx-
imately 35 degrees relative to the laser sheet. Each camera is
equipped with a 100 mm f/2.8 lens (Tokina Macro) and a Nikon
tele-converter to allow for a safe stand-off distance between the
sensor and the burner. Near-infrared filters (Schneider Kreuz-
nach IR MTD) and laser line filters (Edmund Optics TECHSPEC
532 nm CWL) are used on each camera to reduce flame luminos-
ity in the images. The field of view for the PIV data is 32 mm
x 53 mm and data is collected at 10 kHz at each condition. Re-
peatability was tested across multiple days to ensure consistency
in operating condition and diagnostics.

LaVision’s DaVis 8.3 is used to perform vector calculations,
which include a multi-pass algorithm with varying interrogation
window sizes ranging from 64 x 64 to 16 x 16 and a 50%
overlap. This processing results in a vector spacing of 0.48
mm/vector. The vector fields are post-processed using a uni-
versal outlier detection scheme with a 3x3 median filter. The
instantaneous uncertainties in the vector fields range from 1.5-
2.8 m/s using the uncertainty calculation feature in Davis. The
uncertainties in the RMS velocity range from 0.03-0.05 m/s in
all cases. A total of 5000 vector fields are obtained for each con-
dition.

The Mie-scattering images from PIV are also used to iden-
tify the flame location for calculation of a time-averaged progress
variable, ¢. The progress variable is defined as 0 in the reactants
and 1 in the products, where the reactant and product regions are
identified by the high and low seeding density, respectively. The
process for binarization and edge detection in the Mie-scattering
images includes five steps. First, images are Gaussian filtered
for blurring sharp gradients due to noise. Second, median fil-
tering with a window size of 10 pixels x 10 pixels is applied
to remove the effect of salt and pepper noise due to scattering
from aluminum oxide particles. Next, a smoothing operation is
performed using bilateral filtering, and then Otsu’s method is ap-
plied on the smoothed image and multi-level thresholding is used
to account for the spatial variation in signal intensity; the number
of thresholds is varied between four and eight depending on the
conditions. Finally, the minimum threshold value is used to bi-
narize the processed image into a value of 0 in the reactants and
1 in the products.

High-speed chemiluminescence imaging is used to measure
the heat release rate fluctuations of the flame. We use a high-
speed camera (Photron FASTCAM SA4) coupled with a UV in-
tensifier (Invisible Vision UVi) to capture images at 4 kHz for
one second. Chemiluminescence data has a field of view of 241
mm x 148 mm. A filter with a center wavelength of 430 nm
and filter width of +10 nm is used to isolate the signal from
CH* chemiluminescence. As mentioned previously, the local
equivalence ratio of the flame likely varies along the length of



the flame due to entrainment of ambient gases. Previous studies
of partially-premixed flames like this one have shown that CH*
chemiluminescence is a good marker of local heat release rate
fluctuations [26,27].

Data Analysis

Acoustic forcing amplitude at the forcing frequency is deter-
mined using a fast Fourier transform (FFT) of the signal from the
pressure transducer upstream of the flame. We extract the coher-
ent component of the pressure signal by performing a triple de-
composition on the time varying signal. In statistically-stationary
flows, any flow variable, f(x,y,t), can be decomposed into three
components: a time-averaged value, a coherent component, and
an incoherent, or turbulent, component [28], as shown in Eq. 1.

Fleyt) = Fx,y)+ flx,y.0) + f(x,3,1) (1)

In this work, we extract the coherent component by computing
the fast Fourier transform of the time-varying signal and extract-
ing the signal content corresponding to the acoustic forcing fre-
quency. We do this because the acoustic forcing is the primary
source of coherent oscillations in the signal. We also apply the
triple decomposition method to the intensity signal obtained from
the CH* images. This method allows us to study the development
of coherent heat release oscillations in the downstream direction.

The phase-averaged progress variable contours are com-
puted by averaging binarized images at each phase, where each
phase has 290 images. Since the frequency of acoustic forcing,
Jfo=>580 Hz, is not an integer multiple of the sampling frequency
(fs = 10 kHz), we interpolate between images to obtain multiple
images at a single phase. To do this interpolation, we use a non-
rigid image registration algorithm to compute the flame location
at the appropriate time between one image and the next. The
non-rigid image registration method uses the imregdemons
function in MATLAB and calculates a displacement field from
one image to the next that can then be scaled to determine the in-
termediary flame location. This method was previously used in
our group by Tyagi et al. [29]; this reference contains a more de-
tailed discussion of the method and the supplementary material
includes a thorough sensitivity and uncertainty analysis associ-
ated with non-rigid image registration.

RESULTS
Test Conditions

The test matrix is designed to understand the impact of tur-
bulence intensity on the heat release rate response of a flame to
acoustic forcing at a variety of intensities. In all cases, the time-
averaged flow velocity is 10 m/s and two turbulence intensities
are considered: 5% and 11%. The 5% turbulence intensity con-
dition is generated without the use of perforated plates, whereas

the 11% turbulence intensity condition is generated with two per-
forated plates. The equivalence ratio is unity throughout and the
mixture of natural gas fuel and air is perfectly premixed far up-
stream of the experiment. Further details about the flow operat-
ing conditions are described in Karmarkar et al. [25].

We study the heat release rate response at varying ampli-
tudes of acoustic excitation at two frequencies — the natural fre-
quency of vortex shedding for the cylindrical bluff body, 580 Hz,
and the frequency of its first harmonic, 1160 Hz. The natural
frequency of vortex shedding is identified to be 580 Hz from
analysis of the non-reacting flow at the same conditions. Fur-
ther discussion of the non-reacting flow dynamics and the impact
of the flame on the flow instabilities can be found in Karmarkar
and O’Connor [30]. Prior work by Emerson and Lieuwen [13]
showed that response of a bluff-body stabilized flame to forcing
at the first harmonic of the most unstable frequency resulted in
more complex dynamics, which will be discussed in the context
of our results.

Figure 2 shows the coherent pressure fluctuation amplitude
measured upstream of the bluff body and the perforated plates
as a function of waveform generator voltage for both the low-
turbulence (0 plates) and high-turbulence (2 plates) conditions at
the 580 Hz forcing condition. The amplitude of acoustic forc-
ing increases linearly with the voltage of the waveform gener-
ator. Further, there is not a significant difference between the
acoustic amplitude with and without plates present, indicating
that the upstream boundary condition is the same for both con-
ditions. Acoustic velocity fluctuations for these conditions at the
exit of the experiment are also the same for both plates, as was
discussed in [31]. Figure 3 shows the same result for forcing at
the first harmonic, 1160 Hz. Note that for the higher frequency,
the presence of the perforated plates attenuates the acoustic forc-
ing at this higher frequency, which is not unexpected. For volt-
ages between 0 and 6 Volts, the acoustic amplitude for the two
plate conditions is very similar. At higher voltages, the presence
of the perforated plates attenuates the acoustic forcing. However,
there are two conditions where the acoustic amplitude is similar
and so will be directly compared in this analysis: 10 V/0 plates
and 14 V/2 plates (= 0.1 kPa), and 14 V/0 plates and 20 V/2
plates ( 0.13 kPa).

Time-Averaged Flame Structure

The time-averaged flame shape, as measured using CH*
chemiluminescence imaging, is shown in Figure 4. In this fig-
ure, the low turbulence intensity cases are shown on the top row
and the high turbulence intensity cases are shown on bottom row.
The left column represents conditions with no acoustic forcing
and the right column depicts conditions with maximum ampli-
tude acoustic forcing. As the turbulence intensity is increased,
the flame stabilizes at a wider angle. This change in flame angle
is a result of higher turbulent flame speed due to more intense
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FIGURE 2. Amplitude of acoustic pressure fluctuations at forcing fre-
quency as a function of input voltage (Vpp) for fo = 580Hz.

0.2
-~ () Plates 1
2 Plates ;>
0.15 o
5
) 0.1 5
IS
0.05
>

0
0 2 4 6 8 1012 14 16 18 20
Vip (Volts)

FIGURE 3. Amplitude of acoustic pressure fluctuations at forcing fre-
quency as a function of input voltage (Vpp) for fo = 1160Hz.

turbulent flame wrinkling. As the acoustic forcing amplitude is
increased, the flame angle is enhanced slightly as well. The high-
intensity acoustic forcing modulates the flame position over the
course of an acoustic cycle, leading to a wider flame brush as
well as a slightly higher turbulent flame speed. These changes
in flame brush and flame speed with acoustic forcing are well
documented in literature [21].

Figure 5 shows the time-averaged CH* signal intensity for
the cases with forcing at the first harmonic. Like before, the
low turbulence intensity conditions are shown in the top row
and the high turbulence intensity conditions are shown on the
bottom row. The left column shows the case with no acoustic
excitation and the right column depicts conditions with maxi-
mum amplitude of acoustic excitation. Like in the fundamental
forcing cases, the flame stabilizes at a wider angle in the high-
turbulence conditions when compared to the low-turbulence con-
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FIGURE 4. Time-averaged CH* image, for the low (top) and high
(bottom) turbulence intensity conditions with no acoustic forcing (left)
and maximum acoustic forcing (right) for fiy = 580Hz
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FIGURE 5. Time-averaged CH* signal intensity for the low (top) and
high (bottom) turbulence conditions with no acoustic forcing (left) and
maximum (right) acoustic forcing for fy = 1160Hz.

ditions. The acoustic forcing does not significantly impact the
time-averaged CH* images, other than a slight thickening of the
flame brush. The time-averaged images resemble the fundamen-
tal forcing conditions, which is to be expected since the forcing
frequency will primarily only change the dynamic behavior of
the flame.

Flame Response to Fundamental Forcing Frequency
The time-averaged images of the flame chemiluminescence
indicate that turbulence impacts the flame structure and flame
brush thickness. However, to understand how the coherent os-
cillations in the heat release rate are modulated by the pres-
ence of acoustic and hydrodynamic perturbations, we observe the
frequency-domain response of the flame. We use the flame edge
locations extracted from the Mie scattering images to identify the
instantaneous location and structure of the flame. The flame edge
locations at each instance are obtained from binarization of the
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FIGURE 6. Phase-averaged progress variable contours (¢ = 0.5) at
varying levels of acoustic excitation for low turbulence intensity condi-
tions (top row) and high turbulence intensity conditions (bottom row)
for fo = 580Hz.

Mie scattering images from the PIV measurements. To capture
the coherent response of the flame edge fluctuation, we compute
the phase-averaged progress variable contour at the forcing fre-
quency fp = 580 Hz. Figure 6 shows the phase-averaged flame
edge (¢ = 0.5) at varying phases for half the flame. The dot-
ted lines represent the extent of the phase-averaged flame brush,
¢ =0.7 and ¢ = 0.3, for all phases. The phases are superim-
posed to provide a visual representation of the development of
the wrinkle amplitude with downstream distance. In the absence
of acoustic excitation, the edges at all phases collapse to the time-
averaged flame location, indicating that there are no coherent
wrinkles on the flame edge, which is to be expected.

In the absence of acoustic forcing, the phase-averaged flame
brush is thicker in the high-turbulence condition than in the low-
turbulence conditions. This difference is due to the fact that
increasing turbulence causes increased flapping and small-scale
wrinkling of the flame front. At the highest acoustic forcing for
the low-turbulence condition, the coherent wrinkles form sharp
cusps in the upstream region, which are then smoothed out as
they convect downstream. By comparison, in the high-turbulence
condition, the coherent wrinkles are more rounded and have a
smaller amplitude of oscillation in the near-wake region. There
are two reasons for this trend. First, with increasing turbulence,
the increased flame speed causes the flame to stabilize at a wider
angle (see Fig. 4), which increases the spatial separation be-
tween the flame and the shear layer, where vortical disturbances
are generated. Second, the vortical disturbances themselves are
weaker in the high-turbulence conditions when compared to the
low-turbulence conditions. This result has been shown previ-
ously in the literature [32] and has been seen to be true for this
configuration as well [30].

It is interesting to note, however, that in the low-turbulence

conditions, at all excitation amplitudes, the coherent wrinkle
amplitude is comparable to the width of the phase-averaged
flame brush amplitude, indicating that the cycle-to-cycle varia-
tion in the flame edge location is low in these conditions. By
contrast, the high-turbulence conditions show a phase-averaged
flame brush that is visibly wider than the wrinkle amplitude. This
effect is known as phase jitter, and it can be seen that increasing
turbulence increases the magnitude of jitter [33]. Turbulence can
have two effects on coherent structures: it can cause more rapid
decay of the peak vorticity through turbulent diffusion, as noted
above, and it can move the structures in space, which is a pro-
cess referred to as phase jitter. Since the ¢ = 0.5 contours are
phase-averaged using a Fourier transform, we capture the coher-
ent effects from the jitter of the flame front, which is a function
of both flame response to the turbulence and increased jitter in
the coherent structures convecting along the flame surface.

To quantitatively characterize the amplitude of coherent os-
cillations of the flame edge, we use the envelope of the flame
edge oscillations, shown in Fig. 6, and compute a wrinkle ampli-
tude, wy, at every location along the ¢ = 0.5 contour. We do this
by computing the normal distance from the ¢ = 0.5 contour to
the edges of the envelope of the flame wrinkles at every location
along the flame length (I/;). The plots in Fig. 7 show the de-
velopment of the wrinkle amplitude, wy, along the flame length
at all excitation amplitudes for both turbulence intensities. In
the absence of acoustic excitation, the coherent wrinkle ampli-
tude for both turbulence intensities is negligibly small, but as
the acoustic excitation amplitude increases, the wrinkle devel-
opment in the low- and high-turbulence conditions is different.
Close to the bluff body (/y < 5mm), the wrinkle amplitude de-
velopment is independent of turbulence intensity. In this region,
the flame dynamics are governed primarily by the flame holding
boundary condition enforced by the bluff body. Further down-
stream, with increasing acoustic excitation, the wrinkle ampli-
tude increases for both turbulence intensities, but the coherent
wrinkle growth is faster in the low-turbulence condition. This
faster growth is due to the fact that the coherent flow oscillations
are stronger in this condition and the flame is closer to the shear
layer. At high excitation amplitudes, the coherent wrinkle am-
plitude in the low-turbulence condition saturates in the far-field
region (/y > 20 mm). The coherent response saturation is due
to the decay of coherent vortices downstream and the smoothing
of wrinkles due to kinematic restoration. Details of this process
were shown in both experiments and nonlinear level-set mod-
eling by Shanbhogue et al. [12]. Interestingly, the saturation
limit of the flame at the high-turbulence condition has not been
achieved in the field of view. The lack of saturation is likely a
consequence of increased phase jitter, which allows the coherent
wrinkle amplitude to grow downstream, since the cycle-to-cycle
location of the edges is varying.

The analysis of the coherent flame wrinkling shows that the
presence of turbulence can significantly impact the heat release
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FIGURE 7. Coherent wrinkle amplitude development along the flame
length (Iy) for varying levels of acoustic excitation for the low (blue) and
high (yellow) turbulence intensities for fi = S80Hz.

response of the flame by modulating the local and non-local co-
herent oscillations in the flame surface area. This analysis quan-
titatively illustrates that the coherent wrinkling of the flame is
sensitive to the presence of turbulence. A detailed analysis of the
flame brush is provided in Karmarkar and O’Connor [31]. While
this analysis is extremely useful in understanding the mecha-
nisms by which coherent wrinkling occurs, this analysis is not
sufficient to capture the entire flame response for several rea-
sons. First, the edges from the Mie-scattering only measure lat-
eral flame displacement, which ignores the multi-valued behav-
ior that is seen at high amplitudes. Second, the actual flame area
is enhanced by the turbulence, which wrinkles the flame on finer
scales than can be measured with the Mie-scattering edges. Fi-
nally, flame stretch locally changes heat release rate oscillations,
which would not be captured in the Mie-scattering edges. We
expect that the heat release rate response is greater in the chemi-
luminescence measurement than the lateral flame displacement
measurement because the chemiluminescence captures all these
turbulent flame behaviors.

We use the fluctuation of the CH* signal intensity to quan-
tify the oscillations in the rate of heat release from the flame.
Figure 8 shows the variation in the global coherent CH* fluctu-
ation with coherent pressure fluctuation for the low- and high-
turbulence conditions with varying levels of acoustic excitation
amplitude, p. The global coherent CH* fluctuation is calculated
by first summing the CH* signal over the region of interest in
the image and then applying the triple decomposition to calcu-
late the coherent oscillation. In Fig. 8, the heat release rate
response varies almost linearly with input acoustic excitation.
However, for the same excitation input, the overall coherent re-
sponse in the high-turbulence condition is higher than that of the
low-turbulence condition. From the analysis of the scattering
images in previous section, we know that high turbulence condi-
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FIGURE 8. Coherent component of the spatially integrated CH* sig-
nal intensity fluctuation for both low- and high-turbulence conditions
with varying amplitudes of acoustic pressure for fy = S80Hz.

tions have a more cycle-to-cycle variation, causing a thicker co-
herent flame brush. This means that the coherent content is more
spread out in space and this can potentially lead to higher values
in a spatially integrated measure like CH* chemiluminescence.
Further, the higher turbulence intensity enhances the flame area
through wrinkling, increasing the overall signal level as well as
the fluctuation levels.

Figure 9 shows the evolution of coherent CH* fluctuations
with downstream location for both turbulence conditions at a
range of forcing amplitudes. To obtain this plot, we use the
right half of the V-flame and divide the image into 52 sections
in the streamwise direction. We then average the signal in ev-
ery ’section’ and then perform a triple decomposition on this
spatially-averaged, time-varying signal. In this way, we extract
the coherent component at every downstream location. Results
from the right-half of the flame and the left-half of the flame
produce the same results. Figure 9 shows the amplitude of co-
herent fluctuations normalized by the total RMS fluctuation of
all three velocity components. We do this normalization because
the high-turbulence cases will have more overall fluctuations, so
in order to truly compare the coherent parts across the low- and
high-turbulence conditions, a normalized metric is more useful.

The heat release rate response in Fig. 9 follows an oscillat-
ing decay pattern and periodic nodes can be seen in the response
curves. This response is indicative of interference in the coher-
ent oscillations that drive the heat release rate fluctuations. In
this acoustically-forced, rod-stabilized flame, there are three po-
tential sources of coherent oscillations at the frequency of ex-
citation. First, the acoustic excitation drives a symmetric vor-
tex shedding mode that locally modulates the flame surface area,
driving oscillations in the heat release rate. The second driver of
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coherent oscillation is the non-local “memory” effect, where a
coherent wrinkle in the flame surface area generated at the base
of the flame convects downstream along the flame contour; this
wrinkle is often referred to as the ‘“base wave” or “root wave,”
and is generated by the acoustically-driven vortex at the flame at-
tachment point. This non-locality occurs due to the presence of a
mean tangential velocity along the flame brush, which can cause
wrinkles generated at one location to move downstream along the
flame. Finally, a third source of coherent fluctuations in this par-
ticular configuration is the local modulation of the flame surface
area caused by the natural anti-symmetric BVK vortex shedding
mode, which is present at this frequency since the frequency of
excitation is set to match the natural frequency of vortex shed-
ding. Even though the two vortex shedding modes are occurring
at the same frequency, they are out of phase and convect at differ-
ent speeds, which can cause local interference effects and impact
the local vorticity field in the flow, which will then impact the
local flame area fluctuations.

To illustrate this point, Fig. 10 shows the downstream evo-
lution of vorticity along the shear layer, from Karmarkar and
O’Connor [30]. The coherent vorticity is computed using the
PIV data at every downstream location along the shear layer.
The vortical response, like the CH* response, also exhibits an
oscillating decay pattern. In the vorticity field, the interference
pattern is formed as a consequence of the interaction between
the symmetric and the anti-symmetric vortex shedding modes
at this condition. Increasing the coherent excitation amplitude
leads to a monotonic increase in the response amplitude, but
does not significantly impact the basic shape of the curve. How-
ever, increasing the free stream turbulence significantly changes
the decay pattern as well as the location of the nodes. A de-
tailed analysis of the vorticity response is provided in Karmarkar
and O’Connor [30]. The interactions between the three coherent
flame oscillations — the non-local root wave, the local symmetric
vorticity disturbance, and the local anti-symmetric vorticity dis-
turbance — ultimately create the interference pattern seen in Fig.
9.
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FIGURE 10. Coherent vorticity response along the shear layer for
both low- (left) and high- (right) turbulence conditions for varying am-
plitudes of excitation for fo = 580Hz.

The flame response is directly impacted by varying the tur-
bulence levels in two ways. First, increasing turbulence inten-
sity increases the turbulent flame speed, which causes the coher-
ent flame wrinkles to be smoothed out over a shorter timescale
and causes the flame to be stabilized away from the shear layer.
Second, increasing turbulence can cause flapping of the flame
front, which leads to a cycle-to-cycle variation in the coherent
flame edge, as discussed previously. In addition to the direct
impacts, turbulence can also impact the heat release rate indi-
rectly by modulating the local vorticity field in two ways. First,
increasing levels of turbulence can weaken the strength of the co-
herent vortices being shed from the bluff body. This result has
been shown in the literature [32] and is verified to be true in this
configuration as well, as shown in Fig. 10. Second, our vortic-
ity analysis shows that, while increasing the free stream turbu-
lence weakens symmetric vortex shedding mode, it can actually
enhance the natural anti-symmetric vortex shedding mode [25].
Combined, these effects have a complex, nonlinear impact on the
coherent heat release response.

In order to describe the individual and combined effects of
the three drivers of coherent disturbances — local symmetric fluc-
tuations in vorticity, non-local memory effects of symmetric fluc-
tuations from the root disturbance, and local anti-symmetric vor-
ticity fluctuations from the natural vortex shedding mode — we
use a simple conceptual model to understand how these distur-
bances interact and to study their individual effects on the coher-
ent heat release response.

Reduced-Order Model

The conceptual model provided here is for illustrative pur-
poses to establish the governing parameters that determine the
shape of the response curve. To understand the interaction be-
tween the three disturbance sources, we construct a waveform by
superimposing three sinusoidal waves oscillating in space and
time. A stationary linear growth and exponential decay envelope
is applied to each waveform in the spatial domain. The growth



of coherent disturbance is caused by the formation and develop-
ment of vortices shed from the bluff body [34]. The strength of
the vortex increases linearly in the spatial domain until the vor-
tex development length. The decay of the coherent disturbance
field is primarily governed by thickening of the shear layer and
gas expansion effects. For the purposes of this analysis, we as-
sume that the wave amplitudes are constant in time. The waves
are described as follows:

s1(x,1) = Axe Breilhx—or) )
52(x,1) = xe~ Bl (Chi=01-80) 3)
53(x,1) = nAe B i(Kke—or) 4)
S(x,t) = s1(x,7) +s2(x, 1) + 53 (x,1) ©)

Here, x and ¢ are the variables representing space and time,
respectively. The first waveform, s1, is representative of the
acoustically-induced symmetric vortex shedding, which acts as
a local disturbance to the flame. The parameter B controls the
decay rate of this disturbance in the spatial domain. Wave-
form s, represents the naturally occurring hydrodynamic insta-
bility mode, which manifests as an anti-symmetric vortex shed-
ding mode. The waveform s, has a phase difference A¢p = &
with respect to 51 since the symmetric and anti-symmetric waves
are out-of-phase with each other at the vortex shedding loca-
tion at the trailing edge of the bluff body. Parameter A governs
the relative amplitude of the acoustically excited mode as com-
pared to the natural vortex shedding mode. As acoustic excita-
tion increases, the value of parameter A increases as well. Both
waves s and s, have the same frequency of oscillation in time,
o = 271 fy, where fy is the frequency of oscillation. The spatial
wave number k is defined as k = 27 fy/ii, where i is the mean
flow speed. Parameter C is the ratio of the spatial wavelengths of
s1 and sp. The parameters of the analytical model are matched
with those from the data as closely as possible. In this model, B
is set to 300 to match the decay envelope of the time-averaged
vorticity field. For simplicity, we set B to be the same for all
waves even though in reality it will be different. In this model,
0 < x<0.05, fo =580 Hz, and k = 2x fy /i1, where it = 10 m/s.
The parameter C is set to 2.5 to match the vorticity response.

Finally, waveform s3 represents the non-local memory ef-
fect. Here, parameter n governs the relative amplitude of the
non-local effects when compared to the local effects. Parame-
ter K is a convection parameter defined in Preetham et al. [14].
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FIGURE 11. Plots of the response fluctuation S, from the three-
wave interference model for varying values of parameters K and A for
forcing at the fundamental frequency.

Parameter K determines the ratio of the mean flow velocity to
the disturbance propagation speed u, along the flame, K = ii/u.
In reality, both the symmetric and anti-symmetric disturbances
should contribute to the non-local component, but the symmetric
mode is significantly stronger than the anti-symmetric mode. So
for the purposes of this analysis, we assume that the non-local
disturbances created as a consequence of the symmetric wave
travelling along the flame front. For the non-local effects, we
add an additional factor & to the decay envelope. We do this so
that we can vary the rate at which the convected disturbances are
being dissipated due to kinematic restoration and small scale tur-
bulent motion in the flame. Superimposing the three waves, the
total response S is computed for varying levels of the parameters
K, A, a, and n. We find that parameter A governs the response
amplitude, but does not impact the node spacing or the shape of
the curve. Varying parameter o changes the response amplitude
and the decay of the response with downstream location. Vary-
ing n also changes the amplitude and decay pattern. Most im-
portantly, parameter K changes spacing of the node pattern. The
model is most sensitive to the value of parameter K. Results of
previous level-set simulations have shown a similar strong sensi-
tivity of flame response to K [14].

The response curves shown in Fig.9 show that changing the
turbulence level changes the spatial wavelength or node-spacing
of the interference pattern in the response. This change sug-
gests that parameter K is varying between the low- and the high-
turbulence conditions. Figure 11 shows the model response for
two values of parameter K and varying levels of parameter A for
each K. These plots are very similar in shape to the experimental
results shown in Fig. 9. Varying amplitude A is effectively the
same as increasing coherent excitation input. In the plots shown
in Fig. 9, the parameter n is set to 1 and o = 1. In general, pa-
rameters n and & do not change the response significantly. These
parameters are set so that the model plots match the plots from
the results, which is helpful for understanding the results.

From the plots shown in Fig. 11, it is evident that changing



the turbulence level slightly increases the parameter K, which is
the ratio of the mean flow velocity to the convective phase speed
of the disturbance. Since the mean flow velocity is held con-
stant in these tests, the model suggest that increasing turbulence
is essentially causing a decrease in the convective speed of the
disturbances as they move tangential to the flame front. To un-
derstand why this is the case, consider the time-averaged images
shown in Fig. 9. The location at which the flame is stabilized
is a function of the mean flow velocity # and the turbulent flame
speed ST, which governs the rate at which the flame propagates
normal to itself. Increasing turbulence increases St, which does
not directly impact the convective phase speed, since that is gov-
erned by the tangential velocity along the flame. However, the
for a uniform mean flow, with no transverse components, the tan-
gential convective velocity of disturbances along the flame front
is given by U, =< cos(60) (see [35]), where 6 is the wedge angle
of the flame. As shown in Fig. 4, since increasing the turbu-
lence level increases St, this in turn increases 6. If & is held
constant, then the flame is stabilized at a wider angle for higher
levels of S7. This increase in O leads to a decrease in the speed
with which disturbances travel along the flame, since the tangen-
tial convective speed is directly proportional to cos(6) and for
values 6 < 90°, increasing 6 decreases cos(6).

It is important to note that the nature of the response is ex-
tremely sensitive to K, which means that even small increases
in wedge angle can fundamentally modulate the nature of the
response. This highly simplified conceptual model helps inter-
pret the results we see in the CH* data and identifies how the
many varying parameters impact each other and ultimately the
heat release rate response. This analysis shows that, in this three-
disturbance model, varying turbulence levels has a significant
impact on the how the vortically-induced wrinkle in the flame
is convected along the flame. Combined with the experimental
results, the model provides useful insight into how turbulence
can impact the flame response when forced at a frequency equal
to the natural frequency of vortex shedding.

Heat Release Response for fr =21

The results from the fundamental frequency forcing condi-
tions illustrate how the presence of turbulence can impact the
nature of the coherent heat release. We now consider the con-
ditions where the flame is forced at twice the natural frequency
of vortex shedding. This case is interesting because, unlike the
fundamental forcing case, in this case the coherent response is
not impacted by the presence of a natural anti-symmetric vortex
shedding mode. This analysis was motivated by previous results
from Emerson and Lieuwen [13], who analyzed the dynamics of
the flame at the first harmonic of the longitudinal acoustic forcing
frequency.

Like in the fundamental forcing case, we compute a
spatially-integrated, coherent fluctuation of the CH* images to
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FIGURE 12. Coherent component of the spatially-integrated CH*
chemiluminescence signal intensity for both turbulence conditions at all
excitation amplitudes for first-harmonic forcing for fo = 1160Hz.

characterize the response at each condition. Figure 12 shows the
coherent component for varying levels of acoustic excitation and
turbulence condition. The curves here look significantly different
than the fundamental forcing case. In this case, the presence of
turbulence actually decreases the coherent response. This sup-
pression is potentially due to the fact that, in the absence of a
hydrodynamic mode, the vortical disturbances generated by the
acoustic forcing decay faster in the high-turbulence conditions
as compared to the low-turbulence conditions due to the kine-
matic restoration effect. Here, the flame wrinkles generated by
the higher-frequency vortical disturbances have a shorter wave-
length, and so they are annihilated more quickly by the action of
kinematic restoration. Since the vorticity in this case is predom-
inantly due to the symmetric vortex shedding mode, the pres-
ence of turbulence suppresses the spatially integrated response.
It should also be noted that the amplitude of the coherent re-
sponse, in general, is lower than in the fundamental forcing case.
This is to be expected since the flame acts as a low-pass filter in
the frequency domain.

To understand how the response evolves with downstream
distance, we again compute the coherent response by integrat-
ing over smaller sections in the downstream direction. Figure 13
shows the spatial decay of coherent oscillations in the heat re-
lease. Again, the nature of the curves exhibits an oscillating de-
cay pattern and nodes can be seen in the response. However,
there are significant differences when compared to the response
at the fundamental forcing conditions. First, the spatial wave-
length of the interference pattern does not significantly vary be-
tween the low- and the high-turbulence conditions. The nature of
the decay is different, but the node spacing is fairly similar. This
similarity indicates that, in this case, parameter K is not a govern-
ing parameter, which may be due to the fact that the disturbances
decay too quickly in the high-frequency forcing conditions, so
the memory effect is not the dominant driver for the coherent re-
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sponse. Second, compared to the fundamental forcing cases, the
relative response amplitudes are also lower overall. For the same
excitation amplitude, the near-field response is fairly comparable
between the low- and high-turbulence conditions. In this region,
the flame response is dominated by the flame holding more than
the vortical coupling. Further downstream, the second response
peak in the low-turbulence case is stronger and more distinct than
in the high-turbulence case. This result suggests that in the case
of the first-harmonic forcing, the response is primarily governed
by the decay rate of the oscillations.

It should also be noted that, unlike the fundamental forcing
conditions, the coherent response curves in these conditions are
more noisy and the trends are not as smooth, especially at low
forcing amplitudes. This difference is partly due to the fact that
the excitation input in these conditions is weaker and also due to
the fact that the disturbance in this case has a shorter wavelength
and a faster decay rate, which lowers the signal-to-noise ratio.
Like in the case with fundamental forcing, we once again use a
conceptual model to interpret the results from Fig. 13. We use
the same model as before with the exception that, in this case, we
do not use the anti-symmetric mode waveform, so this is a two-
wave interference model and s, (x,#) = 0. In this case, the param-
eter K, while important to establish the shape of the curve, is not
the governing parameter that drives the differences between the
low- and high-turbulence responses. We find that it is ¢, which
is the decay rate of the spatial envelope for the non-local term
relative to the local disturbance, that drives the differences in the
low- and high-turbulence cases. Increasing turbulence causes the
disturbances to decay more quickly due to small-scale wrinkling.
When the disturbances decay on a shorter length scale, then the
impact of the non-local effect is reduced as well.

Figure 14 shows plots of the response RMS as a function of
the downstream coordinate for varying levels of amplitude A. In
this case, amplitude A is simply an amplification factor and can
be compared to the excitation input amplitude. The plot on the
left is for a lower value of parameter & and is comparable to the
low-turbulence response as shown in Fig. 13. As the value of « is
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ceptual model for forcing at fo = 1160Hz.

increased slightly, the decay of the response changes and begins
to resemble the high-turbulence condition. This simplified model
suggests that at the first harmonic forcing condition, the main ef-
fect of turbulence is to enhance the decay of local disturbances as
they convect along the flame front. While the agreement between
the model and the experimental measurements is not as good as
in the fundamental case because of the low signal-to-noise ra-
tio in these conditions, the plots in Fig. 14 still provide useful
information about the possible dominant governing parameters
that drive the difference between the low- and high-turbulence
responses.

CONCLUSIONS

The focus of this work is to characterize how turbulent fluc-
tuations can impact the coherent heat release rate oscillations of
a acoustically-excited flame. We study the response of a flame
to acoustic forcing at two frequencies — the fundamental fre-
quency of vortex shedding and its first harmonic — at two tur-
bulence intensities. By studying the downstream development
of the heat release rate response, we find that the mechanisms
driving the coherent response are strongly dependent on the fre-
quency of forcing. In the conditions where the forcing frequency
is equal to the natural frequency of vortex shedding, the response
is governed by three harmonic disturbances on the flame: the
non-local root wave, the local symmetric disturbance from the
symmetric vorticity mode, and the local anti-symmetric distur-
bance from the anti-symmetric vorticity mode. Using a simpli-
fied conceptual model, we show that the increase in free-stream
turbulence changes the coherent response by impacting the speed
with which the disturbances propagate along the flame. In the
first-harmonic forcing conditions, however, the parameter depen-
dencies are different. At these conditions, turbulence changes the
response by impacting the length scales at which the disturbances
decay with downstream distance.

This work is a step towards comprehensively characterizing
the impact of turbulent fluctuations in different regimes of acous-



tic perturbation. In particular, this work shows the many path-
ways by which turbulence affects flame response. Turbulence
modifies the behavior of coherent vorticity through noise-forced
excitation of the anti-symmetric wake shedding model as well as
turbulent diffusion of coherent vorticity in the flow. Turbulence
also changes the flame speed and the flame area, which mod-
ify the shape of the flame and its relative position to the vortical
oscillations. Further, modification of the flame shape changes
the convection speed of wrinkles along the flame, which impacts
the interference patterns between the local and non-local distur-
bances on the flame surface. Finally, turbulence enhances the
flame area and heat release rate through small-scale wrinkling
and stretch effects, which modify the amplitude of heat release
rate oscillations for a given input acoustic disturbance. These
multiple pathways by which turbulence modifies flame response
should be considered in low-order modeling of thermoacoustic
instability, particularly in combustors where turbulence intensi-
ties are high.
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