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Abstract

This experimental study investigates the dynamical transition from stable operation to thermoacoustic instability in a
turbulent bluff-body stabilised dump combustor. We conduct experiments to acquire acoustic pressure and local heat
release rate fluctuations and use them to characterise this transition as we decrease the equivalence ratio towards a
fuel-lean setting. More importantly, we observe a significant increase in local heat release rate fluctuations at critical loca-
tions well before thermoacoustic instability occurs. One of these critical locations is the stagnation zone in front of the
bluff-body. By strategically positioning slots (perforations) on the bluff-body, we ensure the reduction of the growth of
local heat release rate fluctuations at the stagnation zone near the bluff-body well before the onset of thermoacoustic
instability. We show that this reduction in local heat release rate fluctuations inhibits the transition to thermoacoustic
instability. Ve find that modified configurations of the bluff-body that do not quench the local heat release rate fluctuations
at the stagnation zone result in the transition to thermoacoustic instability. Ve also reveal that an effective suppression strategy
based on the growth of local heat release rate fluctuations requires an optimisation of the slots’ area-ratio for a given
bluff-body position. Further, the suppression strategy also depends on the spatial distribution of perforations on the
bluff-body. Notably, an inappropriate distribution of the slots, which does not quench the local heat release rate fluctuations
at the stagnation zone but creates new critical regions, may even result in a dramatic increase in the amplitudes of pressure
oscillations.
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Introduction fundamental dynamics of the combustion system and
break the mutually enhancing interactions between
unsteady heat release rate and chamber acoustics.®® In
recent decades, studies have shown that mitigation of

The catastrophic onset of thermoacoustic instability has
been a challenging barrier in developing low-emission pro-
pulsion and power generation systems. Thermoacoustic
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pressure and heat release rate oscillations, causes structural
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thermoacoustic instability is possible by modifying the
spatiotemporal dynamics of the flame/flow through injec-
tion of secondary air/fuel.””'* In another type of passive
control method, the linear growth rate of oscillations
around the base flow is forced to be negative. Aguilar and
Juniper'® employ a simple network model with sensitivity
analysis to comprehend the dynamics of the combustor
during thermoacoustic stability. They reported that varia-
tions in the base flow must be taken into account in the
same manner as variations in the fluctuating flow.
Tammisola and Juniper'® proved that, despite the swirl
combustor’s complicated mean flow structure, the region
of dominant coherent structures upstream of the central
recirculation zone is dynamically significant for the self-
sustained thermoacoustic oscillations. Many passive
control strategies are based on suppressing the visible
large-scale patterns, such as large-scale coherent structures
and standing waves that characterise thermoacoustic
instability.'>™'7 However, such large-scale patterns may
appear well after the transition to thermoacoustic instability
has occurred.

Traditionally, the onset of thermoacoustic instability in
turbulent combustors has been considered as a sudden tran-
sition in the system dynamics wherein the system behaviour
shifts from stable operation (refer as combustion noise) to
unstable operation (refer as thermoacoustic instability).18
However, Nair et al.' have shown that in a turbulent com-
bustor, the transition is not abrupt, but instead occurs
through a state of intermittency, wherein bursts of periodic
oscillations occur amidst aperiodic oscillations.

Various spatiotemporal patterns distinguish combustion
noise, intermittency and thermoacoustic instability. The
characteristics of combustion noise are disorganised flow
and flame dynamics®®>? and chaotic acoustic pressure fluc-
tuations.>* Macroscopic patterns at the size of the system
geometry emerge during the regime of periodic oscillations,
whereas disordered small-scale structures exist during the
regime of aperiodic oscillations during the state of intermit-
tency.zo*22

Thermoacoustic instability, on the other hand, is charac-
terised by the coexistence of large-scale coherent flow
structures or vortices’ and spatially organised reaction
fields.”' During the transition from combustion noise to
thermoacoustic instability via intermittency, the disordered
dynamics decrease while the ordered dynamics increase due
to the collective behaviour of small-scale structures.?'*?

Measures based on pressure fluctuations derived from
recurrence plots and multifractality have shown early detection
of the impending onset of thermoacoustic instability.*>’
Similarly, measures based on spatial patterns of flame fluctua-
tions such as spatial correlation also indicate the impending
onset of thermoacoustic instability.*'**>° These temporal
and spatial-based measures change well before the appearance
of the large-scale spatial or large-amplitude temporal patterns,
which suggests that the signature of the impending transition to

thermoacoustic instability appears much earlier. Therefore,
preventing the transition to thermoacoustic instability requires
suppressing the onset of the transition itself, which occurs far
ahead of large-scale patterns that appear during thermoacoustic
instability.

In spatially extended systems such as turbulent combus-
tors, it is very difficult to control the transitions due to the
possibility of diverse unstable modes that may exist in the
system. A spatially extended system is a system with a
large number of spatially distributed degrees of freedom,
where spatial distribution or spatial inhomogeneity plays
a significant role in determining the system’s dynamics.>'
The turbulent combustor displays a spatially heterogeneous
distribution of heat release rates, which influences the
system’s combustion process. Moreover, a turbulent com-
bustor exhibits distinct spatiotemporal patterns under
various operating circumstances, which is another charac-
teristic of spatially extended systems.

Consider the Rayleigh-Bénard convection system, a
well-studied spatially extended system with different
modes of instabilities and associated patterns.®> In the
Rayleigh-Bénard convection system, the range of
Rayleigh numbers Ra and Prandtl numbers Pr determines
the spatial patterns that form.**~* A control scheme that
is based on controlling a specific unstable mode at certain
operating conditions does not guarantee that it will maintain
the system’s stability under other operating conditions,
because of alternate routes to different modes of instability
in spatially extended systems. For example, Parekh and
Sinha®’ uses external perturbations in a spatially extended
two-coupled map lattice system to control both the local
and global dynamics towards being stable or unstable
depending on the strength and sign of the perturbation.
They demonstrated that perturbation with the opposite
sign does not always result in a stable state, but rather
enhances an unstable state due to the spatially inhomogen-
eous or spatially extended nature of the system, where the
local dynamics are regulated by coupled processes of mul-
tiple variables, and hence the control strategy depends cru-
cially on the variable perturbed.

The turbulent thermoacoustic system is one such spa-
tially extended system with multiple spatiotemporal pat-
terns coexisting under different operating conditions, that
is, different equivalence ratios or Reynolds numbers and
different experimental configurations. George et al.*°
demonstrated that the transition to thermoacoustic instabil-
ity in a turbulent combustor may be prevented by decreas-
ing the growth of local heat release rate fluctuations in the
stagnation zone by introducing slots on the bluff body. In
this study, we explore this strategy further by varying the
locations of these slots and checking the effectiveness of
the strategy under different operating conditions and experi-
mental configurations to analyse the impact of the spatially
extended nature of the turbulent flame. In particular, we
find that certain arrangements of the slots introduce new
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spatiotemporal patterns of the heat release rate, which do
not suppress the transition to thermoacoustic instability.
Thus, an effective control strategy utilizing slotted bluff
bodies requires an optimisation of the slot distribution to
suppress thermoacoustic instability and ensure that new
critical regions are not formed.

Experimental setup

We perform experiments in a bluff-body stabilised turbu-
lent dump combustor, as shown in Figure 1(a). Air enters
through the plenum chamber while fuel enters and mixes
with air just before the burner, resulting in partially pre-
mixed reactants. In all our experiments, we use Liquefied
Petroleum Gas (LPG) as the fuel. The flame is stabilised
using a bluff-body, which is a circular disk of 47 mm diam-
eter and 10 mm thickness. The cross-section of the combus-
tion chamber is 90 mm X 90 mm with a combustor length of
1100 mm. We perform experiments at different bluff-body
positions from the dump plane: 40 and 45 mm.

The fuel and air supply to the combustor are controlled
using Alicat mass flow controllers (MFCs) which have an
uncertainty + (0.8% of the reading + 0.2% of the full
scale). We perform experiments at different mass flow
rate of fuel (si14,;) and different rates of change of mass
flow rate of air (r,;,). For each experiment, we control
the equivalence ratio (¢) by maintaining g, constant
and continuously vary r,;,.. We control ri,;, by utilizing
an NI DAQ. More details regarding the system are given
in Raghunathan et al.>” The lowest and highest values of
the Reynolds number in our experiments are 1.28 x 10* +
345 and 2.47x 10* + 594, respectively.

We vary ¢ from 0.99 to 0.56 and simultaneously acquire
experimental data. For all the experiments, we record tem-
poral signals of acoustic pressure and the global heat release
rate at a sampling rate of 10 kHz by using an A/D card
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(NI-6143, 16 bit). The acoustic pressure signals were
acquired using a piezoelectric pressure transducer
(PCB103B02, uncertainty + 0.15 Pa) that is mounted at a
distance of 25 mm from the dump plane of the combustor.
The pressure transducer is fixed with a T-joint and inserted
into a Teflon adapter. The addition of the T-joint mount and
adaptor results in a maximum amplitude error of +12% and
a phase difference of 5° for the frequency range of 50-1000
Hz. In addition, the uncertainty is smaller, that is, +2% and
2° in the range of the dominant frequencies used in our
experiments (100-200 Hz). As a result, these variations in
the amplitude of pressure oscillations or the phase differ-
ence do not affect our analysis significantly. We measure
the global heat release rate fluctuations in the flame with
a photomultiplier tube (PMT, Hamamatsu H10722-01)
equipped with a CH* filter (wavelength of 430 nm and 12
nm FWHM). For selected experiments, we acquire spatially
resolved high-speed CH* chemiluminescence images of the
flame using a CMOS camera (Phantom-v12.1) at a sam-
pling rate of 500 fps and a spatial resolution of 800 x 600
pixels. The camera was equipped with a ZEISS 50 mm
camera lens at f/2 aperture outfitted with a CH* filter (wave-
length of 430 nm and 12 nm FWHM).

Phase transition in turbulent
thermoacoustic systems

In a recent study, Raghunathan et al.>’ analysed the transi-
tion to thermoacoustic instability in a turbulent combustor
as a phase transition. A phase transition is the commence-
ment of nontrivial macroscopic behaviour in a system
made up of a large number of constituents that obey
simple microscopic principles. In the theory of phase tran-
sition, it is widely known that for a given system, if a rele-
vant control parameter is adjusted and pushed close to its
critical threshold, the system will demonstrate a significant

Decouﬁ;

Figure 1. Schematic diagram of the experimental setup used in this study. (a) The main components of the setup are a plenum
chamber, a combustion duct and a decoupler. The data acquisition system comprises of a piezoelectric pressure transducer,
a photomultiplier tube and a high-speed camera. (b) Schematic diagram of the baseline (BL) bluff-body.
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qualitative shift in its macroscopic features. Such a shift may
appear as regularities in spatiotemporal behaviour as disordered
patterns change to self-organised patterns.*®* In a turbulent
thermoacoustic system, considering the transition to thermoa-
coustic instability as a phase transition is justified because the
transition occurs between two qualitatively dissimilar states.
The first state is characterised by disordered spatiotemporal
dynamics, while the state of thermoacoustic instability has
ordered spatiotemporal dynamics.

As the control parameter approaches the critical point,
the initial stable state loses its stability and, concurrently,
the damping decreases and becomes zero at the critical
point, resulting in a growth of fluctuations in state variable
near the phase transition. The increase in critical fluctua-
tions before the critical point can be interpreted as an indicator
of impending phase transitions. Recently, Raghunathan et
al.>” showed early local growth of flame fluctuations prior
to the critical transition to the onset of thermoacoustic
instability.

We compute the variance of fluctuations ” of the local
heat release rate (g(x, y, t)) at each pixel for a time period of
window size w = 3.5 s, where the fluctuations are computed
using a moving average of w; = 0.04 s. d denotes the time at
which the calculation is conducted.
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For example, assuming OOD is at 25, to calculate 6% 20's
(d) before the OOD, we utilise the fluctuations from¢t=1.5s
to t = 5s. OOD is the onset of ordered dynamics, which is
defined as the reference time instant at which the first
derivative of the phase difference (60) between the acoustic
pressure and the global heat release rate (”%g) achieves
99.99% of the greatest positive value and zero.

The window size w is chosen such that the entire flame
dynamics are captured during the transition from one state to
another. For example, the window size should be sufficient
and large enough to capture both the aperiodic and periodic
epochs during the state of intermittency. As a result, a
window size w of 3.5 s works well in this analysis. Similarly,
a window size greater than 3.5 s is incapable of capturing this
increase in the variance of fluctuations. The value of wy is
based on the time scales of acoustic oscillations during
thermoacoustic instability. Given the dominating fre-
quency of acoustic pressure, we require at least four
cycles of data for the moving average window size (w;)
in order to calculate any fluctuations-based measures.”’
As a result, for a dominant frequency of 150Hz, the
moving average window size w; was determined to be
equivalent to six cycles, or 0.04s. Appendix E of
Raghunathan et al.*” demonstrates that, for the provided
window sizes, the increase in o2 is 99.9% significant
using the student #-test.

In particular, Raghunathan et al.”’ revealed significant
growth of local heat release rate fluctuations occurring at
certain zones within the combustor, located around the
bluff-body. Additionally, they revealed interconnections
that emerged between these zones prior to the transition
to thermoacoustic instability.

Results and discussion

Characterisation of the phase transition at different
operating conditions

To begin with, we analyse the results from an experiment in
which the combustor length was set to 1100 mm and the
bluff-body was fixed at a distance of 45 mm from the
dump plane, with operating settings, including a 71, of
34 SLPM and a r,;, change at a rate of 3 SLPM/s. We
refer to this set of operating settings and experimental con-
figurations utilised in Raghunathan et al.®” as the reference
experimental condition (REC) for the purpose of comparing
results across different operating settings and different bluff
bodies. For all the subsequent figures, instead of discussing
the plots with respect to 7., we describe the figures using
the global equivalence ratio ¢. Even though the flame is
only partially premixed, we use ¢ so that we can compare
the results at different thermal power ratings.

The acoustic pressure (p’) and global heat release rate
oscillations (Q/) as a function of ¢ for the BL bluff-body
at reference experimental condition are depicted in
Figure 2(a). Figure 2(a) shows that the amplitudes of p’
and Q/ increase continuously as ¢ decreases. In order to
detrend the signal, Q/ is computed about the mean of a
sliding window of size, 0.04 s. The short-time Fourier trans-
form (STFT) plot in Figure 2(b) shows a dominant mode of
p' emerging near 100 Hz at ¢p < 0.87. As ¢ is reduced, the
frequency of the dominant mode increases and reaches an
asymptotic state for ¢ < 0.67. At high values of ¢ (0.99 >
¢ > 0.88), p’ and Q/ have dissimilar dominant modes with
shallow bands.*'

Next, we analyse how the root mean square of heat
release rate fluctuations ¢'(x, y, ) varies with ¢. Here,
CH* chemiluminescence intensity (Icy<) is used as a
measure for the localised heat release rate. Numerous inves-
tigations have demonstrated that the /¢y« can be approxi-
mated as the rate of heat release in partially premixed
flames.**>* Additionally, we found a strong correlation
between the normalised global heat release rate measured
by the PMT and the normalised integral of Iy« obtained
from images at various ¢. This high correlation suggests
that the change in dynamics in Q/ is represented well by
Icy+ in the experiments (significant correlation p value =
0.86). The spatial distribution of the root mean square
value of the local heat release rate fluctuations ¢, is
shown at three values of equivalence ratio, ¢ = 0.97
(Figure 2(c)), ¢ = 0.88 (Figure 2(d)) and ¢ = 0.69
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Figure 2. Spatiotemporal dynamics with respect to the transition from combustion noise to thermoacoustic instability for the BL
bluff-body at REC. The term ‘Reference Experimental Condition’ (REC) refers to experimental settings where the experiments are
carried out at g = 34 SLPM with a g, change at a rate of 3 SLPM/s with fixing a combustor length as 1100 mm and a bluff-body
(BBP) located 45 mm away from the dump plane. (a) Time series of pressure oscillations p’ and global heat release rate fluctuations
Q with respect to ¢. (b) Evolutlon of power spectral density obtained using the STFT of p'. ¢/, at (c) ¢ = 0.97, (d) ¢ = 0.88 and
(e) ¢ = 0.69. (f) Growth of 62 calculated as a¢:0'88 a¢:0'97 (g) Variation in p;, . for different operating conditions and combustor
configurations as stated in the legend. BL: baseline; STFT: short-time Fourier transform.

(Figure 2(e)). We calculate the mean using a window size of
1 s corresponding to 500 images. Given a maximum domin-
ant frequency of 150 Hz and the time scale of the rate of
change of operating parameter, a window size of 1 s is suf-
ficient to demonstrate the variation in ¢,,,. as ¢ changes.
s Shows high strength around the bluff body and near
the combustor walls.

According to the phase transition theory,** at the
approaching critical threshold, the initial state of the
system is losing its stability, and small perturbations lead
to a strong fluctuation response and a longer return to equi-
librium, indicated by an increase in signal variance and
autocorrelation. Such a nonlinear behaviour appearing in
the vicinity of a critical threshold has the collective name
‘the critical phenomena’. In particular, the phenomenon
of pre-bifurcation noise amplification followed by satur-
ation indicates upcoming instability that is measured by
the variance of fluctuations (62) of observable variables.*
In our investigation, the critical phenomenon was charac-
terised by an increase in the variance of fluctuations in

the heat release rate. We estimate the growth of 62 of the
local heat release rate fluctuations from the difference
between o> at ¢ = 0.97 and ¢ = 0.88 (Figure 2(f)). We
use these two values of ¢ (also for subsequent sections)
to calculate the growth of &> prior to the occurrence of
large-amplitude pressure oscillations (refer Figure 2(a))
for the REC.

According to the phase transition theory, critical phe-
nomena occur at approaching a phase transition. In the
context of phase transition, critical phenomena are regarded
as an increase in the variance of fluctuations of system vari-
ables, an increase in autocorrelation, etc. In particular, the
phenomenon of pre-bifurcation noise amplification fol-
lowed by saturation® indicates upcoming instability that
is measured by the variance of fluctuations (6?) of observ-
able variables. In our investigation, the critical phenomenon
is characterised by an increase in the variance of fluctua-
tions in the heat release rate. We estimate the growth of
6? of the local heat release rate fluctuations from the differ-
ence between ¢ at ¢ = 0.97 and ¢ = 0.88 (Figure 2(f)).
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We use these two values of ¢ (also for subsequent sections)
to calculate the growth of &? prior to the occurrence of
large-amplitude pressure oscillations (refer Figure 2(a))
for the REC.

We mark two regions, Z1 and Z2, that have high growth of
o using black squares in Figure 2(f). Z1 is a location of the
high heat release rate during the occurrence of thermoacoustic
instability because of the impingement of large-scale coherent
flow structures on the combustor wall. Z1 is a zone shared by
the boundaries of the large-scale coherent structures that
emerge from the dump plane and vortices that emerge at the
tip of the bluff-body. Z2 represents a stagnation point that sta-
bilises the flame because of the low-velocity region at the
corner between the shaft and the bluff-body. Both Z1 and 72
exhibit critical phenomena prior to the transition to thermoa-
coustic instability, illustrated by the high growth in o2
(Figure 2(f)). In our previous study,37 we referred to these
zones as ‘seeds’ of the phase transition due to critical phenom-
ena occurring at these locations, well before the appearance of
large-amplitude pressure oscillations. After the critical transi-
tion in the local heat release rate fluctuations occurs at these
zones, the strength of pressure oscillations (p),,;) increases
rapidly as ¢ is reduced for REC as shown in Figure 2(g).

We now analyse the effect of change in bluff-body pos-
ition and 71 4,.; on the transition to thermoacoustic instability.
Weshow p! in Figure 2(g) for the case where the position of
bluff-body is fixed at 40 mm from the dump plane keeping
the other operating settings are the same. From Figure 2(g),
itappears that large-amplitude oscillations occur earlier com-
pared to that of 45 mm bluff-body (REC). However, at ¢ <
0.6, the pressure oscillations with 45 mm bluff-body position
(REC) is stronger than those with 40 mm.

We also investigate changes in the transition with
respect to the thermal power rating: g, We reduced
e to 30 SLPM, and acquired acoustic pressure from ¢
= 0.99 to 0.55. We see from Figure 2(g), that p/,  for
e = 30 SLPM is followed the similar trends like REC
till ¢ =0.7. For ¢p< 0.7, p,,,.. is lower in comparison to REC.

In an earlier study, George et al.>® targeted one of these
interconnected zones, namely the stagnation zone upstream
of the bluff-body by introducing the slots in the bluff-body.
They show that reducing the growth of local heat release rate
fluctuations at the stagnation zone resulted in the suppression
of the transition to thermoacoustic instability. In this study,
we take the next step and change the operating conditions
and bluff body designs to analyse the effectiveness of the
control strategy on the spatially extended system.

Reducing the growth of fluctuations at the stagnation
zone near the bluff-body and suppressing the
transition to thermoacoustic instability

We use a modified design of the bluff-body to create add-
itional passages for the fluid to flow across the bluff-body.*®

We create four slots near the region attached to the shaft as
depicted in Figure 3. We refer to this configuration as the
inner slot (IS) bluff-body. In this IS bluff-body geometry,
in addition to demonstrating the suppression strategy for
REC, we also show how the position of the bluff-body
impacts the effectiveness of the control technique.

The high growth in 6> at the boundary of the large-
coherent structure that is shed from the bluff-body tip,
Z1, and at the stagnation zone near the bluff-body, Z2
(see Figure 2(f)) occurs under all of the operating conditions
described in the section on system characterisation in the
presence of the BL bluff-body. In the current parametric
study on the suppression of the phase transition to thermo-
acoustic instability, we will target the stagnation zone and
modify the flame distribution around the bluff-body.

Utilizing the IS bluff-body design, we introduce pas-
sages on the bluff-body in the form of slots. These slots
are introduced between a radius of 8 and 15 mm. Since
the shaft radius is also 8 mm, we eliminate the stagnation
zone at the corner between the bluff-body and the shaft in
order to reduce the growth of local heat release rate fluctua-
tions at the stagnation zone. We first analyse results with the
IS bluff-body at REC.

Figure 4(a) to (c) shows the variation in the spatial dis-
tribution of ¢/, as the equivalence ratio is reduced. The
IS configuration results in higher strength of the local
heat release rate oscillations downstream of the bluff-body
(see Figure 4(b) and (c)) in comparison to the BL configur-
ation. In comparison to the BL bluff-body at REC, we
observe that the strength of the heat release rate oscillations
(4,,,,) have reduced at the stagnation point (refer Figures
2(d) and (e) and 4(b) and (c)). The highest strength of
g oscillations are observed near the combustor walls
(see Figure 4(c)).

Thus, the IS bluff-body design redistributes the heat
release rate fluctuations around the bluff-body. This redis-
tribution results in a reduction of growth of ¢? at the stag-
nation zone (Figure 4(d)). This low growth corresponds
with a reduction of ¢, at the stagnation zone. On the
other hand, near the boundary of the downstream
large-scale coherent flow structure, the growth of 62 is
still high. Further, the wake region of the IS bluff-body
also indicates a growth of 2. But importantly, the growth
of 62 is not as high as the growth at the stagnation zone.

Inner Slot (IS)

Figure 3. Schematic diagram of the bluff-body with slots near
the centre — inner slot (IS) bluff-body.
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Figure 4. Spatiotemporal dynamics for experiments conducted utilizing the IS bluff-body. g/, at (a) ¢ = 0.97, (b) ¢ = 0.88 and (c) ¢ =
0.69 for REC. (d) Growth of 62: 6}_ gg - 6}5_0 97 for REC. (e) p}, for different operating conditions and combustor configurations with
respect to ¢. Power spectral density of p’ for (f) REC, (g) BB,: 40 mm. REC: Reference Experimental Condition; IS: inner slot.

It is crucial that other regions do not show high growth of 62
due to the change in the bluff-body design. Other regions
showing high growth of 6> may mean the existence of
other pathways for the transition to thermoacoustic
instability.

The plot of p/,. . at REC shows the suppression of the
global transition to thermoacoustic instability (Figure 4(e)).
D.,s Temains low as ¢ is reduced to low values. In fact, at
low values of ¢, there is 88% decrease in the rms value of
pressure oscillations in comparison to the rms value obtained
with BL bluff-body at REC. However, p,, . at low values of
¢ with IS bluff-body is 0.45 kPa that is approximately 21%
higher than the strength of pressure oscillations (p/,,. = 0.37
kPa) at high values of ¢ (combustion noise) with the BL
bluff-body. The power spectral density of p’ for REC at ¢
= 0.69 shows a shallow band centred around 106.2Hz
(Figure 4(f)). This dominant mode obtained using IS bluff-
body at REC is 17.4Hz less than the dominant mode
observed for the BL bluff-body at REC.

Irrespective of the changes in the thermal power loading
(1), there is a suppression of thermoacoustic instability
when the IS bluff-body is used (shown in Supplemental
Figure 10). However, a higher reduction of the strength
of pressure oscillations is observed for higher rig..

In addition, as the bluff-body is brought closer to the
dump plane from 45 to 40 mm, the maximum strength of
pressure oscillations decreases by 77% compared to the
case with the BL bluff-body at 40 mm. This decrease in
pressure oscillations is not as large as the one seen with a
45 mm bluff-body position (see Figure 4(e)). For this bluff-
body position of 40 mm, the PSD of p’ at ¢ = 0.69 displayed
in Figure 4(g) shows a shallow band centred around 116 Hz,
which is higher when compared to the band corresponding
to REC with IS bluff-body. However, this frequency is still
lower than the narrow band (123.6 Hz) observed for REC
with BL bluff-body (refer Figure 2(b)).

Effect of reducing the area of the slots on the
bluff-body

We investigate the effect of changes in the area of the
passage by the four-hole (4H) bluff-body. In this design,
we create circular holes near the region that is attached
to the shaft (Figure 5(a)). The total area of these four
circular holes is 113 mm?, which is a quarter of the total
area of the slots on the IS bluff-body. We use the design
with the reduced area to investigate minimum area
requirements of the slots to suppress the transition to
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Four-Hole (4H)  Multiple-Hole (MH)
(@) (b)

Figure 5. Schematic diagram of the different bluff-bodies. (a)
Four-hole (4H) bluff-body is a bluff-body with four holes near the
centre. (b) Multiple holes of diameter 5 mm are distributed
around the bluff-body, referred to as the multiple-hole (MH)
bluff-body.

thermoacoustic instability. Analysis of the local heat
release rate fluctuations prove that for the 4H bluff-body,
near the boundary of the downstream large-scale coherent
flow structure, and at the stagnation zone, (i) higher ¢/,
exists compared to IS bluff-body (Figure 6(a) to (c)) and
(i1) high growth of 62 occurs (Figure 6(d)). In addition,
we observe a small growth of 62 in the wake of the 4H
bluff-body due to secondary flames, as observed with
the IS bluff-body.

When comparing the experimental results at REC between
4H and BL bluff bodies, we do not observe any large changes
in the transition from low-amplitude pressure fluctuations to
high-amplitude pressure oscillations (Figure 6(e)). A gradual
growth in p/ = occurs when using REC (Figure 6(e)). The
strength of p’ at low ¢ is also similar in magnitude with the
strength obtained for BL bluff-body. However, the power spec-
tral density of p’ at ¢p = 0.69 shows a sharp peak centred around
115.7Hz (Figure 6(f)), which is significantly lower than the
frequency of the dominant mode observed with the BL bluff-
body (123.6Hz) (Figure 2(b)) for the same combustor
length. From the results obtained with the 4H bluff-body, it
is evident that the introduction of slots has shifted the dominant
frequency to a lower value for the experiments performed at
REC. Thus, a new temporal pattern has emerged in the com-
bustor at thermoacoustic instability.

When operating at a higher rate of change of ., the
change in the transition is negligible in comparison to the
D,s for REC (Figure 6(e)). The dominant frequency at ¢ =
0.69 is 114.7 Hz (Figure 6(g)). Thus, multiple experiments
with the 4H bluff-body show that the onset of thermoacoustic
instability is not suppressed due to the emergence of a new
unstable mode in the combustor. The reduction in the ampli-
tude of pressure oscillations for the 4H configuration is neg-
ligible with respect to the BL bluff-body.

Effect of change in the distribution of the bluff-body
passage area

We now investigate the effect of change in the distribution
of the passages on the bluff-body. To that end, we utilise the

multiple-hole (MH) bluff-body. This design contains
twenty-three circular holes of diameter 5 mm, distributed
over the bluff-body as shown in Figure 5(b). The total
area of these circular holes is same as the total area of the
slots in the IS bluff-body. In Figure 7(a) to (c), we
observe high strength of ¢, near the boundary of the
downstream large-scale coherent flow structure, and down-
stream of the MH bluff body for REC. As shown in
Figure 7(d), with the MH bluff-body, the growth of &>
still exists at the stagnation zone, although it is low.
Higher growth of 6> downstream of the bluff-body can be
attributed to the large heat release rate fluctuations of the
multiple secondary flames anchored on the bluff-body
surface.

Using the MH bluff-body, we observe a similar transi-
tion from combustion noise to thermoacoustic instability
to that of BL bluff body till ¢ = 0.75 (refer Figures 2(g)
and 7(e)). The p/,,. with MH bluff-body for REC (679
Pa) is slightly higher compared to the p/,  obtained with
the BL bluff-body at REC (644 Pa). The power spectral
density of p’ at ¢ = 0.69 show the dominant frequency at
128 Hz (Figure 7(f)). This dominant frequency is margin-
ally greater than the dominant frequency obtained with
the BL bluff-body (123.6 Hz) (Figure 2(b)), but closest to
it as compared to the values obtained with IS and 4H
bluff bodies. Thus, suppression of the transition does not
occur for the MH bluff-body.

Interestingly, as the equivalence ratio is reduced further
to less than 0.66, an additional very sharp transition occurs
as shown in Figure 7(e). The increase in the strength of
pressure oscillations is rather catastrophic, increasing to
almost 300% of the p/, = value after the primary transition.
Such a secondary transition is referred to as a secondary
bifurcation.*® The occurrence of high-amplitude limit
cycles through secondary bifurcation may be attributed to
the presence of higher-order nonlinearities in the
system.*” The dominant frequency increases to 150 Hz for
the secondary bifurcation at ¢ = 0.62 (Figure 7(g)).

As the thermoacoustic system is spatially extended, the
occurrence of the secondary bifurcation through the use
of the MH bluff body is not surprising. The spatial and tem-
poral patterns after the primary transition and the secondary
transition are different, as observed by the shift in dominant
frequencies from 128 to 150 Hz and changes in the spatial
pattern of the local heat release rate. The various spatial
and temporal modes that exist within the spatially extended
system is the reason why preventing the transition to ther-
moacoustic instability is challenging. Any control strategy
that is employed should ensure that it does not create alter-
nate pathways for thermoacoustic instability to emerge
through conducive spatiotemporal patterns. In the case of
the MH bluff-body, the highest growth of local heat
release rate fluctuations is not observed at the stagnation
point, but rather downstream of the bluff-body as a result
of the secondary flames (Figure 7(h)). The appearance of
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new regions with high growth of heat release rate fluctua-
tions shows the existence of alternative pathways to ther-
moacoustic instability.

In summary, we devised a control strategy based on the
suppression of critical phenomena occurring in the key
regions of the combustor. As one of the approaches to achiev-
ing the target of suppression of critical phenomena, we rede-
signed the three bluff-bodies, namely IS, 4H, and MH. With
the modified designs, we observe that, apart from the flame
stabilisation zone upstream of the bluff-body, the flame gets
an additional zone downstream to stabilise there. However,
it is interesting to see that the suppression of thermoacoustic
instability is seen only in one bluff-body geometry, whereas
in the other two geometries, either the thermoacoustic instabil-
ity is retained or the system goes to a new state of thermoa-
coustic instability. In addition to looking into the flame
stabilisation point, we have ensured that the critical phenom-
enon is suppressed and that there is also no formation of new
regions of critical phenomenon. In that context, IS bluff-body
serves this purpose, whereas the other two bluff-body geom-
etries do not. Thus, in the reduction of thermoacoustic
instability, the IS bluff-body geometry is therefore recom-
mended over other bluff-body geometries.

Change in Rayleigh index distribution for different
bluff-body geometries

We observe diverse forms of thermoacoustic instability
with different bluff-body geometries, indicating that the
process by which net energy is transferred from combustion
to the acoustic field may be distinct. The Rayleigh Index, RI
offers substantial insight into combustion dynamics and the
mechanisms that lead to thermoacoustic instabilities.*® The
RI is calculated as

1 T
RI = ?J P'(0)q (x, y, Dt. 2
1

where p/(f) denotes the acoustic pressure fluctuation,
g'(x, y, t) is the local heat release rate fluctuations, T is the
time period taken for the analysis and ¢ is the variable over
which integration is performed. R/ denotes if the flame-
acoustic interaction is driving thermoacoustic instability or
not. A positive value shows that the flame-acoustic inter-
action results in thermoacoustic driving while a negative
value indicates damping. The RI field for BL bluff-body
geometry evaluated at ¢ = 0.69 for the REC is depicted in
Figure 8(a). The RI field shows which regions drive and
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pressure oscillations. BL: baseline; IS: inner slot; 4H: four-hole; MH: multiple-hole.

damp thermoacoustic instability. Figure 8(a) to (d) shows the
RI field for BL, IS, 4H and MH, respectively. For the BL
bluff-body, the region with the highest positive RI coincides
with Z1.

For the IS bluff-body, the positive RI region is extended
out and shifted more downstream, which is caused by the pres-
ence of secondary flame downstream of the bluff body. In the
case of 4H bluff-body geometry, the RI field exhibits

interesting characteristics, namely, the positive R/ is observed
in Z1, and downstream of the bluff-body. As in the BL bluff-
body geometry, the maximum positive RI value occurs
around Z1, although with a smaller magnitude than the
maximum R/ value found for the BL bluff-body geometry.
We estimate R for MH bluff-body at ¢ = 0.62, where the
MH bluff-body shows a single peak in the amplitude spectra
(refer Figure 7(g)). In the case of MH bluff-body, the region
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of positive RI extends from the bluff-body’s upstream to the
bluff-body’s downstream. Additionally, the region of greatest
positive RI is observed near the combustor wall and the bluff-
body’s wake. This figure shows that the downstream region
acts as a new source for driving thermoacoustic oscillations.

The observations of Rayleigh index distributions for the
different cases of bluff bodies also match with the flame
response, calculated as the amplitude of the dominant
mode of local heat release rate fluctuations averaged in
the radial direction and plotted as a function of the axial dir-
ection (refer Supplemental S1).

Conclusion

In this study, we analysed the results of a suppression strat-
egy to reduce the growth of local heat release rate fluctua-
tions to prevent the transition from combustion noise to
thermoacoustic instability. Our experimental investigation
suggests that certain configurations of perforations on the
bluff-body ensures a reduction in the growth of local heat
release rate fluctuations upstream of the bluff-body and
hence aids in suppressing the onset of thermoacoustic
instability. We observed that, in general, suppression of
the onset of thermoacoustic instability is possible for such
a passive control strategy. The success of this strategy
shows that passive control can be designed based on the
growth of local heat release rate fluctuations well before
the occurrence of thermoacoustic instability.

However, the reduction in the amplitude of pressure oscil-
lations is lower if the bluff-body is brought closer to the
dump plane. The less effective suppression for this configur-
ation using the IS bluff body shows the need to analyse the
growth of local 6> when the bluff-body position is changed.
Further, we need to have an optimisation strategy to find the
appropriate area of passage with respect to the position of the
bluff-body such that the growth of local heat release rate
fluctuations can be reduced at the stagnation zone.

Most importantly, a mere introduction of slots on the bluff-
body does not result in the suppression of the transition to
thermoacoustic instability. We observed that the suppression
of the transition to thermoacoustic instability does not occur if
the area of the slots is lowered (4H bluff-body). We also
found that an inappropriate distribution of the slots could
result in a secondary bifurcation, leading to a catastrophic
increase (300%) in the amplitudes of pressure oscillations
(MH bluff-body). These results highlight the challenge of
suppressing thermoacoustic instability in a spatially extended
system, wherein many spatiotemporal patterns that result in
the positive feedback between the acoustic pressure and
heat release rate and thermoacoustic instability exist.

We emphasise that using different bluff-body designs was
not to show the generalisation of the control strategy but
instead, to prove the fact that effective suppression of the
growth of heat release rate fluctuations at critical regions pre-
vents thermoacoustic instability. Thus, the generalisation of

the control strategy is in (1) finding critical regions and (2) devis-
ing methods that can reduce the growth of local heat release rate
fluctuations at critical regions and at the same time not initiate
new critical regions. Instead of using slots, another possibility
would be in using secondary air/fuel injections at these locations
to modify the dynamics. Further, we hypothesise that analysis of
the growth of local heat release rate fluctuations in
swirl-stabilised flames, v-gutters and so on would reveal critical
regions where control strategy can be implemented.
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