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Abstract

Coherent structures, such as those arising from hydrodynamic instabilities or excited by thermoacoustic oscilla-
tions, can significantly impact flame structure and, consequently, the nature of heat release. The focus of this
work is to study how coherent oscillations of varying amplitudes can impact the growth of the flame brush in a
bluff-body stabilized flame and how this impact is influenced by the free stream turbulence intensity of the flow
approaching the bluff body. We do this by providing external acoustic excitation at the natural frequency of vortex
shedding to simulate a highly-coupled thermoacoustic instability, and we vary the in-flow turbulence intensity us-
ing perforated plates upstream of the flame. We use high-speed stereoscopic particle image velocimetry to obtain
the three-component velocity field and we use the Mie-scattering images to quantify the behavior of the flame
edge. Our results show that in the low-turbulence conditions, presence of high-amplitude acoustic excitation can
cause the flame brush to exhibit a step-function growth, indicating that the presence of strong vortical structures
close to the flame can suppress flame brush growth. This impact is strongly dependent on the in-flow turbulence
intensity and the flame brush development in conditions with higher levels of in-flow turbulence are minimally
impacted by increasing amplitudes of acoustic excitation. These findings suggest that the sensitivity of the flow
and flame to high-amplitude coherent oscillations is a strong function of the in-flow turbulence intensity.
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1. Introduction

Large-scale coherent oscillations in a combustor
flow field can significantly impact the stability and
response of turbulent flames. In gas turbine combus-
tors, coherent oscillations in the flow can drive fluctu-
ations in the rate of heat release, which can couple
with the resonant acoustic modes of the combustor
and cause combustion instability [1]. Combustion in-
stability can limit the operability of the engine and,
in severe cases, damage engine hardware. As such,
understanding the response of flames to coherent per-
turbations in the flow field is critically important for
combustor design and implementation of instability
mitigation techniques [2, 3].

Coherent oscillations can be a consequence of nat-
urally occurring instabilities in the flow field or re-
sponse of the flow to external perturbations, both of
which typically manifest as coherent vortex shedding.
Large-scale vortices can interact with flames, creat-
ing wrinkles in the flame front that lead to coher-
ent and periodic fluctuations in the rate of heat re-
lease [4]. The flame response to a vortical distur-
bance can depend on the size and rotational strength
of the vortex [5, 6]. The response is also impacted
by several flame parameters, including the density
ratio, Lewis Number, and degree of co-location be-
tween the flame and the shear layer in which the vor-
tex is formed [7, 8]. In acoustically excited flows,
the flame response is also a function of the amplitude
and frequency of excitation [7, 9] and is governed
by two competing effects: the evolution of the co-
herent vortices as they propagate along the flame and
the dynamics of the flame, particularly the kinematic
restoration effect created by flame propagation nor-
mal to itself [10]. In the near-field region, flame re-
sponse grows linearly as the vortex grows and sheds,
causing an increasingly large flame wrinkle. Fur-
ther downstream, nonlinear behaviors dominate as the
flame response decays due to kinematic restoration.
This flame behavior can be significantly impacted by
the presence of turbulence as a “de-correlating” force
on the coherence flame wrinkling [11, 12].

Given that the coherent shedding of vortical struc-
tures can significantly impact the flame, it is impor-
tant to characterize how the coherence of these struc-
tures and the coherent wrinkling on the flame gener-
ated by coherent structures are impacted by stochastic
variations in the flow field arising from in-flow tur-
bulence. The interaction between stochastic and co-
herent fluctuations is inherently complex since it is
a dynamic interaction between processes at different
scales. In non-reacting studies of bluff body wakes,
increasing free-stream turbulence intensity acceler-
ates the breakdown of vortices, thereby disrupting
their coherence [13]. Additionally, increasing free-
stream turbulence intensity can decrease the forma-
tion length of vortices, which can shorten the spatially
developing shear layers and promote the merging of
the shear layers into a fully turbulent jet [13, 14].

In reacting studies, this interaction is further com-

plicated by the presence of a flame, as the free-stream
turbulence not only impacts the coherent structures
in the flow, but also the structure and propagation of
the flame itself [15, 16]. In the absence of coher-
ent structures, increasing inflow turbulence intensity
causes increased flame wrinkling and faster develop-
ment of the flame brush. The flame brush thickness
of a turbulent flame is a measure of the time-averaged
spatial extent of the flame location that arises from
instantaneous motion of the flame front [17, 18]. The
flame brush thickness and its development with down-
stream distance depends on in-flow turbulence inten-
sity (u’/@), the integral length scale, flame speed,
and flame stretch sensitivity [17, 19, 20]. Experi-
mental results from Kheirkhah et al. [19] show, us-
ing Mie-scattering images of a bluff-body stabilized
flame, that increasing in-flow turbulence intensity can
cause the flame front to become wrinkled, increasing
the flame brush thickness. On an instantaneous ba-
sis, higher turbulence intensities lead to more frequent
formation of cusps and holes in the flame. Chowd-
hury and Cetegen [21] also showed that increasing
turbulence intensity increases the flame brush thick-
ness in bluff-body stabilized flames, but the brush
thickness saturates beyond 24%; it is suggested that
this is potentially due to the prevalence of merging
and extinction events in high-turbulence conditions.

As in non-reacting flows, turbulence and coherent
motions interact in reacting flows to change the be-
havior of the flame. The present study focuses on un-
derstanding how stochastic and coherent fluctuations
in the flow can impact the development of the flame
brush in a rod-stabilized flame. It has been shown that
the presence of in-flow turbulent fluctuations can dis-
rupt the coherence of vortex shedding from a bluft-
body and can cause variations in the cycle-to-cycle
locations of the vortex cores and the flame location,
known as ‘phase jitter’ [22]. Work by Hemchandra et
al. [23] showed that acoustic forcing could impact the
turbulent flame speed of harmonically-forced flames
due to the interaction between the coherent and turbu-
lent wrinkles on the flame, leading to faster wrinkle
destruction with increasing distance from the flame
stabilization point. The relative importance of this ef-
fect is dependent on the length scale of the coherent
disturbance relative to the governing turbulent flame
wrinkling scales, where forcing at coherent length
scales close to the turbulent flame wrinkling scales
accelerates turbulent flame propagation. Finally, Thu-
muluru [24] showed that the development of the flame
brush in an acoustically-excited Bunsen flame is sup-
pressed in the presence of high-amplitude acoustic ex-
citation. The results showed that, in the presence of
acoustic excitation, the flame brush growth exhibits
a step-function development and this trend was ob-
served over varying frequencies and fuel-types. These
studies demonstrate that the presence of large-scale
coherent oscillations in the flow field can fundamen-
tally change the flame response of a turbulent pre-
mixed flame.

Put together, previous studies show that variations



in the flow — both stochastic and coherent — can sig-
nificantly impact the stability and dynamics of the
flame. The goal of this work is to characterize the im-
pact of external acoustic forcing on the development
of the turbulent flame brush for varying levels of in-
flow turbulence by considering the impact of turbu-
lence on both the coherent oscillations in the flow and
the flame. Our results show that in low-turbulence in-
tensity conditions, the development of the flame brush
is suppressed in the presence of vortices, as in the
work by Thumuluru [24]. However, as the in-flow
turbulence intensity is increased, the development of
the flame brush is minimally impacted by the acoustic
excitation for the same ratio of acoustic forcing per-
turbation to turbulence intensity.

2. Methods

2.1. Experimental facility

The experimental facility is a modified version of
that used by Tyagi et al. [25] and only a brief overview
is provided here. The flame is a rod-stabilized V-
flame in an unconfined configuration. Upstream of
the flame, the burner consists of a 30 mm x 100 mm
burner exit with a 100 mm long, 3.18 mm diame-
ter rod that runs along the center of the burner, as
shown in Fig. 1. Premixed air and fuel (natural gas)
at stoichiometric conditions enter through the base of
the burner and pass through two ceramic honeycomb
flow-straighteners; perforated plates are used for tur-
bulence generation. The turbulence generation plates
have a staggered hole pattern with 3.2 mm hole di-
ameters and a 40% open area. Two perforated plates
located 10 mm and 30 mm upstream of the burner
exit are used for the high in-flow turbulence intensity
(11%) conditions and no perforated plates are used
for low in-flow turbulence intensity (5%) conditions.
The bulk flow velocity is held constant at 10 m/s in
all conditions. External acoustic excitation is added
using a speaker at the base of the burner, upstream
of both honeycombs, as shown in Fig. 1. The input
to the speaker is an amplified sinusoidal signal gen-
erated by a function generator. The frequency of the
input signal is set to 580 Hz, which is close to the
characteristic frequency of vortex shedding; the natu-
ral vortex-shedding frequency was measured in a pre-
vious study [26]. The amplitude of acoustic excitation
is varied by adjusting the peak-to-peak voltage (Vp)
of the input signal.

2.2. Diagnostics

Stereoscopic particle image velocimetry (PIV) is
performed at 10 kHz with a dual cavity, Nd:YAG
laser (Quantronix Hawk Duo) operating at 532 nm
in forward-forward scatter mode. A 50 mm tall laser
sheet is created using a combination of mirrors and
three cylindrical lenses; the angle between the laser
sheet and each camera sensor (Photron FASTCAM
SAS) is about 35 degrees. 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
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Fig. 1: Experimental setup

between the sensor and the burner. This setup has a
32 mm x 53 mm field of view and images are col-
lected at 10 kHz in double-frame mode with a pulse
separation of 14 ps. Aluminum oxide particles of di-
ameters 0.5-2.0 um are used for seeding. To reduce
flame luminosity in the images, near-infrared filters
(Schneider Kreuznach IR MTD) and laser line filters
(Edmund Optics TECHSPEC 532 nm CWL) are used
on each camera.

LaVision’s DaVis 8.3 is used to perform vector
calculations from Mie scattering images. These cal-
culations include a multi-pass algorithm with vary-
ing 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. A universal out-
lier detection scheme, with a 3x median filter, is
used for post-processing of the vector fields. The
instantaneous uncertainties in the vector fields range
from 1.5 — 2.8 m/s in the reacting conditions and
0.7—2.1 m/s in the non-reacting cases, using the un-
certainty calculation feature in Davis. The uncertain-
ties in the RMS magnitude of the vector fields range
from 0.03 — 0.05 m/s in all cases; most analysis in
this paper relies on RMS values. A total of 5000 vec-
tor fields are obtained for each condition.

The Mie-scattering images from PIV are also used
to identify the flame location. The process for bina-
rization and edge detection in the Mie-scattering im-
ages includes five steps. First, images are Gaussian
filtered for blurring sharp gradients due to noise. Sec-
ond, median filtering 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
applied on the smoothed image from and multi-level
thresholding is used to account for the spatial varia-
tion in signal intensity; the number of thresholds is
varied between 4 and 8 depending on the conditions.
Finally, the minimum threshold value is used to bina-
rize the processed image into a value of 0 in the reac-
tants and 1 in the products. These binarized images
are used to calculate the time-averaged and phase-
averaged progress variable contour, C.

The phase-averaged progress variable contours are



computed by averaging binarized images at each
phase, where each phase has 290 images. Since the
the frequency of acoustic forcing, fo = 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 registra-
tion 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 calcu-
lates a displacement field from one image to the next
that can then be scaled to determine the intermedi-
ary flame location. This method was previously used
in our group by Tyagi et al. [25]; this reference con-
tains a more detailed discussion of the method and the
supplementary material includes a thorough sensitiv-
ity and uncertainty analysis associated with non-rigid
image registration.

2.3. Test Matrix

This study considers the impact of both turbulence
intensity and coherent fluctuation intensity on flame
brush development. The acoustic energy input was
varied by adjusting the peak-to-peak voltage ampli-
tude (V},p) of the sinusoidal wave input to the speaker
and the magnitude of stochastic fluctuations was var-
ied using the perforated plates. We consider six
acoustic amplitudes and two turbulence conditions.

In order to individually characterize the stochas-
tic and coherent fluctuation magnitudes, we perform
a triple decomposition on the velocity field [27].

u(x,y,t) = a(z,y) + a(z,y, t) + o' (z,y,t)

Here, u(x,y, t) is the time-varying velocity signal at
any spatial location in the flow; @(x,y) is the time-
averaged velocity at the given location, assuming the
signal is statistically stationary; @(z,y,t) is the co-
herent component of the velocity signal, extracted by
performing a frequency domain filtering of the sig-
nal around the frequency of excitation; and u’(x, y, t)
is the stochastic content in the velocity signal. This
stochastic component is computed by reconstructing
the fluctuating velocity signal without the content at
the forcing frequency and its harmonics. In these
data, the amplitude of the velocity fluctuation at the
first harmonic is nearly two orders of magnitude lower
than the response at the forcing frequency; as such,
we do not expect it to significantly impact the coher-
ent dynamics in the flow field. However, we remove
this component when computing the stochastic com-
ponents of the fluctuating velocity field to avoid any
coherent content.

Figure 2 shows the variations in stochastic
(W}, /Tin) and harmonic (&, /sr) velocity compo-
nents with varying excitation amplitude and plate
condition. These “input” parameters are determined
using velocity data obtained from PIV measurements
of non-reacting flow through the burner without the
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Fig. 2: (a) Time-averaged streamwise velocity contour for a
representative condition; red dot marks the location where
the velocity signal is extracted, (b) RMS magnitude of the
stochastic component of velocity, (c) RMS magnitude of the
coherent component of velocity, and (d) Ratio of coherent-
to-stochastic RMS magnitudes.

bluff body. The calculation is made along the burner
centerline at a location close to the burner exit, indi-
cated by the red dot in Fig. 2(a), which shows a con-
tour plot of the time-averaged streamwise velocity for
a single condition. The instantaneous velocity is av-
eraged over a 3x3 window to avoid spurious results
from single-point measurements. The Reynolds num-
ber based on bluff-body diameter is held constant for
both plate conditions, Rep = 2036. In the condition
with both plates in, the turbulent Reynolds number,
computed using the integral length scale (o ~ 2mm)
is, Rer = 140; the turbulent Reynolds number at the
low-turbulence condition is not well-defined given the
low value of turbulence intensity.

The in-flow turbulence intensity, (), /Uin), shown
in Fig. 2(b), is generally constant with excitation am-
plitude, indicating that the energy added by the acous-
tic forcing is predominantly coherent, as would be ex-
pected. The high-turbulence condition (two plates)
has a turbulence intensity of around 11% and the low-
turbulence condition (no plates) has a turbulence in-
tensity of 5%. The RMS amplitude of the coherent
oscillation, (%in /@in), shown in Fig. 2(c), varies lin-
early with excitation amplitude and is independent of
the turbulence intensity. Finally, Fig. 2(d) shows the
relative contributions of the coherent and stochastic
components, (@i / as,,), for both turbulence condi-
tions. Comparable ratios of these input parameters for
both turbulence intensities can be seen at n / (TS
0% (no-forcing condition), 32%, and 55%, as indi-
cated by horizontal black lines in the plot. (At the
condition with no excitation (V,, = 0V), the co-
herent content is non-zero because turbulent oscilla-



tions in the flow field manifest themselves at a spec-
trally broad range of scales; as such, it is expected
that there will be some fluctuation content at the fre-
quency of excitation even in the absence of external
excitation. However, since the magnitude of this con-
tent is sufficiently small, we can refer to this condi-
tion as @in /ui, ~ 0%). We focus our analysis of the
flame brush development at these three conditions to
understand the role of turbulence intensity in govern-
ing coherent response and the flame brush develop-
ment.

3. Results

3.1. Coherent vortical response characterization

Figure 2 shows the variation in the coherent and
stochastic flow components with varying degrees of
acoustic excitation in the incoming flow. In order
to understand how the input conditions impact the
coherence of the vortices shed from the bluft body,
we perform a triple decomposition on the flow in the
shear layer in both non-reacting and reacting flow
with the bluff body in place. Figure 3 (left), shows
a contour plot of the time-averaged vorticity for a sin-
gle non-reacting condition. To characterize the shear
layer response, we calculate stochastic and coher-
ent velocity statistics using the mean of a 3x3 win-
dow centered at the location of the maximum time-
averaged vorticity for each case, depicted by the black
circle. Figure 3 (right) shows the variation in the co-
herent shear layer response (s, relative to stochas-
tic fluctuations in the shear layer (u}; ,.) versus the ra-
tio of coherent-to-stochastic oscillations in the in-flow
(Uin/ au%,,) for both turbulence conditions for reacting
and non-reacting flow.

The three conditions with comparable input ampli-
tudes, i /uj, = 0%, 32%, and 55%, are marked by
the solid black lines. For the same excitation input,
the coherent response relative to the stochastic fluc-
tuations is significantly higher in the low-turbulence
conditions as compared to the high-turbulence condi-
tions. The higher level of coherent oscillation rela-
tive to stochastic oscillation in the non-reacting cases
indicates that increasing turbulence intensity modu-
lates the flow field and reduces the coherence of the
vortices in the shear layer. The fact that this loss of
coherence is present in both non-reacting and react-
ing conditions is evidence that this behavior is not a
result of expansion by the flame; this finding is con-
sistent with results reported in the literature [13].

3.2. Time-averaged flow and flame profiles

Figure 4 shows the time-averaged vorticity con-
tours for the three reacting-flow conditions with com-
parable coherent-to-stochastic input amplitudes. The
black solid lines represent the mean flame edge,
obtained by extracting the progress variable ¢ =
0.5 contour from the time-averaged binarized Mie-
scattering images. The dotted black lines depict the
¢ = 0.3 and ¢ = 0.7 contours and are provided to
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Fig. 3: Coherent velocity response in the shear layer as a
function of in-flow forcing input for both turbulence condi-
tions for reacting (R) and non-reacting (NR) flows.
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Fig. 4: Time-averaged vorticity contours for the low-
turbulence (top row) and high-turbulence (bottom row) con-
ditions. The black solid line depicts the ¢ = 0.5 contour and
the dotted lines represent the ¢ = 0.3 and ¢ = 0.7 contours.
The blue contour represents the limits of recirculation zone,
iy = 0.

illustrate the extent of the flame brush. The blue con-
tour in the center is the %, = 0 contour, representing
the limits of the recirculation zone in the wake of the
bluff body that acts to stabilize the flame.

In the low-turbulence conditions (top row), T'] =
5%, increasing the input coherent excitation causes
a marginal increase in the mean flame angle relative
to the central axis and in the flame brush thickness.
Both increases are likely a consequence of the fluc-
tuations in the flame edge caused by coherent wrin-
kling due to interaction with vortices. Compared
to the low-turbulence conditions, the conditions with
the higher levels of in-flow turbulence (bottom row),
TI = 11% show faster downstream decay of time-
averaged vorticity. Further, the recirculation zone, de-
picted by the blue contour in Fig. 4, is shorter in the
high-turbulence case than in the low-turbulence case,
which has been attributed to the shorter vortex for-
mation length in the high-turbulence conditions [13].
The higher levels of in-flow turbulence intensity in-
crease the turbulent flame speed, s7, causing a wider
flame angle. The mean flame brush is also wider in
the conditions with higher levels of free-stream tur-



40 ﬁ .”/ i :Q%

40 u - [t :3,2.% 40 u [t =557

y(mm)

-10 0 10
x(mm)

y(mm)

| -
110 0 10 110 0 10 0 0 10 00

x(mm) x(mm) x(mm)

Fig. 5: Phase-averaged vorticity contours at(® = 180°)
phase for the TI = 5% (top row) and the T1 = 11%
(bottom row) conditions. The solid black lines depict the
phase-averaged ¢ = 0.5 contour and the dotted lines rep-
resent the phase-averaged ¢ = 0.3 and ¢ = 0.7 contours.
(Videos of these conditions are available in the supplemen-
tary material.)

bulence, which is also consistent with previous stud-
ies [19, 21]. Using a linear curve fit of the flame edge
to compute a flame angle, the flame stabilization an-
gle, ©, increases from 13° to 21° between the low-
and the high-turbulence conditions in the absence of
external excitation. This increase indicates that the in-
creasing turbulence intensity causes the flame speed,
which is proportional to sin(©), to increase by a fac-
tor of 1.6. Finally, comparing the time-averaged con-
tours across varying excitation amplitudes, the time-
averaged vorticity contours and flame edges in the
high-turbulence conditions are only marginally im-
pacted by the increasing coherent excitation ampli-
tude.

3.3. Phase-averaged flow profiles

The time-averaged flame edge and vorticity con-
tours shown in Fig. 4 illustrate the differences in the
mean flow and flame between the low- and high-
turbulence conditions. However, a phase-average of
the results must be used to understand how coherent
forcing impacts development of the flame brush. Fig-
ure 5 shows the phase-averaged vorticity contours at
a single phase for three coherent forcing conditions
and both turbulence intensities. The black solid lines
depict the phase-averaged ¢ = 0.5 contour and the
black dotted lines depict the phase-averaged ¢ = 0.3
and ¢ = 0.7 contours.

The phase-averaged contours in Fig. 5 and videos
in the supplementary material show that, for both
turbulence conditions, increasing coherent excitation
amplitude causes increasingly large flame front wrin-
kles. In the condition with no acoustic forcing at both
turbulence intensities, concentrated regions of vortic-
ity form in the shear layer but they do not exhibit
any spatial coherence and the flame contour in this
condition moves randomly with the turbulent field.
In the low turbulence conditions with acoustic forc-
ing, tightly concentrated regions of vorticity form at

the bluff body and decay as they travel downstream.
Wrinkles in the flame edge are closely coupled with
the coherent shedding of vortical structures. For ex-
ample, the formation of flame cusps can be seen at
y = 10 mm and at y = 27 mm, and these cusps line
up with the boundaries of the vortices. The videos of
phase-averaged vorticity for the conditions shown in
Fig. 5, provided in the supplementary material, show
that at the low-turbulence conditions, the wrinkling
of the flame edge closely tracks the location of each
vortex and the flame edges wrap around the shed vor-
tices at all phases. The videos further illustrate that, in
the conditions with low turbulence intensity, the flame
structure is strongly impacted by the oscillations in
the flow.

In the high-turbulence conditions with acoustic
forcing, the vortical structures are weaker, as quan-
tified in Fig. 3, and the vorticity magnitude decays
rapidly downstream as a result of the interaction be-
tween turbulence and the vortices. The flame wrin-
kles, however, persist even as the vortices decay. The
curvature of the flame wrinkles is weaker, as evi-
denced by the larger radius of curvature at the cusps
of the flame at y = 8 mm and y = 26 mm. There
are two contributing factors to these behaviors. First,
since the vortices are weaker, the resulting strain on
the flame is lower. At the same time, however, the
turbulent flame speed is higher, which enhances the
kinematic restoration effect and smooths flame wrin-
kles on a shorter timescale [12]. The phase-averaged
videos for the high-turbulence conditions, provided
with the supplementary material, show that as acous-
tic excitation amplitude is increased, the flame edge
exhibits stronger coherent oscillations. However, un-
like the low-turbulence conditions, the flame edge
wrinkling in the high-turbulence conditions does not
closely track the vortices; this effect is amplified with
downstream distance. This is likely a consequence
of the increased turbulent flame speed, st, causing
both fast wrinkle smoothing and allowing the flame
to propagate further upstream in the flow and away
from the shear layer, reducing the direct interaction
between the vortices and the flame.

3.4. Phase-averaged turbulent flame brush
development

The phase-averaged results in Fig. 5 show that the
conditions with higher turbulence intensities have a
wider flame brush, as depicted by the dotted lines rep-
resenting the ¢ = 0.3 and the ¢ = 0.7 contours. In
order to quantitatively characterize the relative impact
of stochastic and coherent fluctuations on flame-brush
development, we calculate the turbulent flame brush
thickness along the phase-averaged ¢ = 0.5 contour
by calculating the distance between the ¢ = 0.3 con-
tour and the ¢ = 0.7 contour along the normal from
the ¢ = 0.5 contour.

Figure 6 depicts the variation in the phase-averaged
flame brush thickness, &t s, along the phase-averaged
¢ = 0.5 contour, [;. The plots of flame brush de-
velopment in Fig. 6 correspond directly to the phase
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Fig. 6: Phase-averaged flame brush thickness (dty) as a
function of the flame coordinate (I 5) for the T1 = 5% (top
row) and the T'T = 11% (bottom row) conditions for com-
parable acoustic input conditions at (& = 180°)

averages shown in Fig. 5 at (& = 180°). There
is a significant difference in the development of the
flame brush between the low-turbulence (top row) and
the high-turbulence (bottom row) conditions. For the
low-turbulence conditions, the flame brush thickness
linearly increases along the flame edge in the absence
of acoustic forcing, consistent with the findings in
the literature [17]. However, as the excitation ampli-
tude increases, the flame brush development exhibits
a step-function behavior. The flame brush thickness
increases sharply at the location of the flame cusp and
the brush growth is subsequently suppressed until the
next cusp is encountered. A similar result was re-
ported by Thumuluru [24] for an acoustically-forced
Bunsen flame. This suppression of flame brush de-
velopment was attributed to the fact that the coherent
excitation modulates the turbulence field and, conse-
quently, the local consumption speed. In the same
study, it was also observed that flame stretch effects
do not have a dominant effect on this development, as
the flame brush development was insensitive to differ-
ent fuel mixtures with varying stretch sensitivities.

At the high-turbulence conditions, the flame brush
grows faster with downstream distance, which is a re-
sult of increased turbulent wrinkling of the flame. Un-
like the low-turbulence conditions, the flame brush
development in the high-turbulence conditions is
largely independent of the coherent excitation ampli-
tude. The flame brush growth in the high-turbulence
conditions is largely monotonic, although small peaks
can be seen further downstream at random intervals;
these peaks do not correspond to any phase-averaged
flame features and are likely a consequence of in-
creased small-scale wrinkles and pocket formation.
The rate of flame brush growth in the high-turbulence
conditions is similar across all excitation amplitudes
and phases, indicating that this development is min-
imally impacted by the presence of coherent excita-

tion. There are two contributing factors to this be-
havior. First, the increased turbulence intensity dis-
rupts the coherence of the vortical structures, which
in turn causes the coherent flame edge to be more
weakly wrinkled. Second, with increased levels of
in-flow turbulence intensity, the flame brush develop-
ment is predominantly governed by turbulent diffu-
sion effects and is hence not substantially impacted
by the coherent excitation. In this case, it is unlikely
that the turbulent flame speed is significantly modu-
lated by coherent forcing, as was suggested by Hem-
chandra et al. [23], since the integral length scale of
the turbulence (~2 mm) is approximately an order of
magnitude shorter than the convective length scale of
the coherent disturbances (~20 mm).

Figure 7 further illustrates the sensitivity of the
phase-averaged flame-brush development to in-flow
turbulence intensity. The plots in Fig. 7 depict the
flame brush development at four phases for the high-
est amplitude forcing conditions, ;y / ui, = 55%.
The blue curves depict the phase-averaged ¢ = 0.5
contour, and the orange scatter plots depict the phase-
averaged flame brush thickness. The low-turbulence
conditions show that the flame brush thickness in-
creases sharply at the location of the flame cusp and
the brush development is suppressed until the next
cusp; this pattern is repeated at each phase. In the
high-turbulence conditions, however, the flame brush
development is minimally impacted by the location of
the flame wrinkles across all phases.

4. Conclusions

This study characterizes the relative impact of co-
herent excitation and in-flow turbulence intensity on
the development of the turbulent flame brush thick-
ness in a rod-stabilized flame at stoichiometric con-
ditions. We study two in-flow turbulence conditions,
TI = 5% and 11%, along with six excitation ampli-
tudes for each condition. We characterize the input
to the flame using non-reacting free-stream measure-
ments taken close to the burner exit and match the
ratio of coherent-to-stochastic fluctuation amplitudes
for both turbulence conditions. We characterize the
shear layer response with the bluff body using the sig-
nal at the maximum time-averaged vorticity location.
Our results show that for the same relative input of
coherent excitation, the low-turbulence condition has
a higher coherent vortical response compared to the
high-turbulence condition, as higher levels of in-flow
turbulence disrupt the coherence of vortices.

The reacting flow results show that the flame wrin-
kling is coupled with the strength of the vortices; the
flame edges in conditions with the higher levels of
in-flow turbulence are weakly wrinkled as compared
to the flame edges in conditions with low levels of
in-flow turbulence. The phase-averaged flame brush
thickness development is highly dependent on in-flow
turbulence intensity. The flame brush growth exhibits
a step-function like behavior along the flame edge
with steps that corresponds to the cusping of the flame
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Fig. 7: Variation in flame brush thickness across four phases for the T/ = 5% (top row) and the T/ = 11% (bottom row)
conditions for @y, /uj,, = 55%. The blue curves depict the corresponding phase-averaged ¢ = 0.5 contours.

at low in-flow turbulence levels, but the flame brush
development is relatively insensitive to acoustic forc-
ing at the high in-flow turbulence conditions. This
result is significant because it quantitatively demon-
strates that the sensitivity of the flame response to co-
herent excitation is a function of the in-flow turbu-
lence intensity. We see that flows with higher levels
of in-flow turbulence respond less severely to external
acoustic excitation for two reasons. First, the higher
levels of turbulence weaken the coherence of vortices
shed from acoustic excitation. Second, the higher tur-
bulent flame speed destroys coherent flame wrinkles
on a shorter timescale. These results indicate that tur-
bulence has a critical impact on multiple steps of the
thermoacoustic coupling process, including both the
flow field development as well as flame propagation.
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