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Abstract

In this paper, the design, construction and results of experiments performed on a generic combustion system are pre-
sented. The setup is supplemented by various weakly frequency-dependent variable reflection coefficient (RC) devices
as upstream and downstream acoustic terminations. The main objective of building such terminations is to provide a
method to study burner/flame stability when it is placed between various acoustic configurations (RC: 0.1-0.9) and to
determine the figure of merit of a burner based on the evaluation of its map of (in-)stability. Furthermore, burner design
parameters such as the burner perforation pattern (holes diameter, pitch, perforation area, etc.) which will provide com-
bustion stability for the widest range of burner’s acoustic embedding conditions are identified. The experimental setup
comprises of an upstream acoustic termination, a telescopic tube with adjustable length is placed after the upstream ter-
mination followed by the burner and the quartz tube. On the top of the quartz tube, the replaceable downstream ter-
minations are installed. Nine downstream terminations are constructed by stacking plates of 0.25 mm thickness separated
by spacers ranging from 0.1 to | mm thickness. Particularly, for the burners tested in this setup, the smallest hole diam-
eter burner (with the largest perforation area) results in the largest stable region on the stability map in the parameter
space. An increase in the flow velocity leads to an increase in the frequency of instability and makes a stable system tend
to become unstable, while an increase in the equivalence ratio contributes to stabilizing system instability
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negative (stable). Within this analysis framework, the
flame is operating as an active subsystem and the acoustics
of an appliance is performing as a passive subsystem (termi-
nations). Active and passive subsystems are coupled in such
a manner that the oscillations in one cause the oscillations in
the other and vice versa. The result may lead to high pressure
and velocity oscillations which can be problematic for the
functioning of a combustion appliance,® or plainly

Introduction

The operational range of combustion appliances is fre-
quently limited by the phenomena of thermo-acoustic
instabilities arising in the system. The appearance of
instability is sensitive to the appliance operating conditions,
the thermo-acoustic response of the burner, the acoustics
of the gas path of the system and the installation para-
meters." The physical nature of the instability lies in the
mutual interaction of perturbations in acoustic pressure

and velocity, which can cause perturbations of the heat
released by the flame during combustion. In its turn, the
unsteady heat release rate may excite the acoustic flow per-
turbations resulting in a closed-loop interaction with feed-
back.” The reflection of acoustic waves at the upstream
and downstream of the burner with flame determines the
feedback, which can either be positive (unstable) or
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unacceptable from an end-user perception. Therefore, the
practical and technological relevance of this problem
garners the attention of the scientific community to combat
and avoid/eliminate thermo-acoustic instability [e.g.*°].

Within the outlined conception, to approach the problem
of thermo-acoustic instability, the behaviour of acoustic
waves at the system boundaries (upstream and downstream
subsystems to the burner) is characterized by their respect-
ive reflection coefficients. The acoustic wave transmission,
reflection and amplification via the burner with flame as a
“dependent source” subsystem can be defined by its trans-
fer/scattering matrix as described by Polifke et al.” and
Manohar®. Subsequently, the entire system can be formu-
lated in terms of forward (f) and backward (g) travelling
acoustic waves. A closed feedback loop is formed when
the acoustic wave reflection at the terminations perturb
the flame on the burner which provides the energy for
acoustics as schematically shown in Figure 1.

In this context, an analogy between the methods of
analysis of thermo-acoustic phenomena and a deeply
developed theory used for the analysis and synthesis of
radio-frequency electronic circuits has been recognized.
Consequently, the methods and notions of general
system theory of two-port network, can be applied to
the problem of combustion instability. Among multiple
fruitful approaches and concepts developed within the
system theory, the present contribution is inspired by a
useful concept which is widely used in the micro-wave
circuit theory, namely the notion of an amplifier figure
of merit.

The present contribution describes one of the constituting
parts of a broader research program, performed within the
framework of system theory and aiming to establish a way
to introduce the notion of the thermo-acoustic quality factor
of a given burner with flame. The ultimate goal of this
program is to elaborate the concept of the thermo-acoustic
figure of merit (quality indicator) to enable a comparative
characterization of burners with flames in respect to their
thermo-acoustic properties. The availability of such a notion
may allow comparing and ranking different burners with
flames with respect to each other. Furthermore, the
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maximization of this indicator may serve as the target function
for development that is dedicated to the optimization of a
burner design for improving its acoustic stability of operation.

The principal idea of defining the burner’s figure of merit
was proposed by Kornilov and De Goey’ and can be
explained in the following manner: burner with flame “A”
has higher thermo-acoustic quality in comparison to
another burner with flame “B” if the probability of unstable
operation of burner “A” is lower than the probability of
instability of burner “B”. The probability of instability
must be determined by comparing burner/flame stability
based on tests performed with different acoustic embeddings
(as if they are installed in different combustion appliances).

According to this definition, the figure of merit may be
defined with respect to a certain class of (usually passive)
acoustic embeddings which may reflect the typical properties
(design features) of the appliances where the considered
burners are used. In the broadest case, a field of arbitrary
(but passive) acoustic embeddings can be considered to
test the burners and determine their probability of instability.

An ideal burner with the maximum figure of merit would
minimize the role of appliance/system boundaries.
Therefore, such a burner would be the least problematic
when incorporated in different appliances meaning at
minimal risk to encounter an instability.

In literature the concrete implementations of the calcula-
tions of candidate parameters which promise to serve as the
burner’s figure of merit are based either on theoretical deri-
vations of indicators of the amplification factor,'® or on pas-
sivity indicators,'! or on (un)-conditional stability factors,'?
or on methods which use direct numerical tests performed
in the spirit of Monte-Carlo simulation methodology with
the corresponding statistical (pre-)post-processing of the
simulation data.”"?

The proposition made by Polifke' adheres to the evalu-
ation of the maximum possible amplification factor for the
acoustic energy leaving the burner/flame with respect to any
combination of incoming acoustic waves. Accordingly, the
burner which has the capability to generate the smallest
amount of acoustic energy must be treated as the best.
This approach is inherently related to the transfer matrix

bownstream
’ Boundary

RCy,

Figure |. Acoustic wave propagation and reflection at the boundaries of a system.
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(TM) singularity values. Its drawbacks and limitations were
discussed by Hoeijmakers."*

In another approach taken by Hoeijmakers et al.,'” a
theory was developed which allows evaluation of the require-
ments (upper bound) for the adjoint acoustics when the flame
TM is known. Particularly, the bound for the absolute values
of upstream and downstream reflections was calculated, such
that a given burner would be stable, irrespective of the phase
of the reflection coefficients. In this way one may characterize
the flame stability quality by comparing the requirements of
unconditional stability imposed by the flame.

The third method to characterize the thermo-acoustic
quality of a burner/flame represented by its transfer
matrix was proposed by Kornilov and De Goey.” The
core idea was to rank different burners represented by
their flame transfer functions with respect to each other
by evaluating the value of probability of (in)stability
when the reflection at the system boundaries was randomly
varied using the Monte-Carlo methodology. This idea was
carried forward by Saxena et al.'* where the reflection coef-
ficient was formulated in terms of randomly selected strictly
positive real functions (frequency dependent) instead of
random constant values as in the former.

To the best of our knowledge no attempts have yet been
made in literature to propose an experimental methodology
where one can deduce some kind of estimate (indicator) of
the burner’s thermo-acoustic figure of merit. The obvious
difficulty of such an experimental method would be the
need to arrange multiple tests of a given burner with
flame in a broad field of variable acoustic embeddings of
the system. This problem appears to be too tedious for prac-
tical implementation. However, the approach executed in
the present research makes this task feasible. The developed
experimental setup provides a viable solution for testing
burners when they are integrated in a system with multiple,
different, but well-defined acoustic environments.

The experimental setup can be seen in Figure 2 and the
schematic of the setup can be seen in Figure 3(a). It is
unique and its design uses a recently developed innovative
technique to achieve a desirable reflection coefficient for an
acoustic termination by Drolia'® and Kojourimanesh et al'”.

Therefore, the aim of the present contribution is to intro-
duce the conceptual idea of the experimental setup, describe
its components including a detailed overview of the tech-
nical specifications and construction features to the extent
which makes it possible to reproduce the working principle
of this new experimental technique in different laboratories.
The main output of the testing procedure is the mapping of
the (in-)stability of operation of a given burner with flame in
the field of variable absolute value of almost frequency
independent reflection coefficients of upstream and down-
stream terminations and include a variable phase delay by
the upstream termination. Accordingly, the burner’s figure
of merit can be defined as the ratio of tests with stable oper-
ation to the total number of test cases.

Figure 2. Experimental setup comprising of: |. Cylindrical vessel
with the upstream muffler placed inside it; 2. Telescopic tube with
variable length; 3. Impedance tube incorporated with
microphones; 4. Burner deck holder with water cooling channel;
5. Quartz tube placed on top of the burner deck holder and the
burner under study and 6. Downstream termination placed on
top of the quartz tube.

For the downstream (hot) termination the desired magni-
tudes of RC ranging from 0.1 to 0.9 were successfully
obtained by making a set of separate devices/terminations
for each value. This set includes nine downstream termina-
tions and each termination represents a particular magni-
tude and phase of RC. Each termination was tuned via
iterative optimization experiments.

The upstream termination is a combined device which
provides a way to switch the magnitude of RC with the
help of some shutters which are conveniently placed and
can be opened or closed providing control over the reflec-
tion coefficient magnitude. The telescopic tube (Figure 2)
with variable length helps in achieving variable phase
delay for the upstream part.

The performance of the setup will be demonstrated
using, as an example, a particular type of perforated
burner. The test case here consists of a burner with multiple
Bunsen-type conical flames which are anchored on the per-
forated surface of the burner. Accordingly, the figure of
merit will be defined for 4 burners with different perforation
pattern (hole diameter and pitch) and different combustion
power (flow rate and mixture equivalence ratios).
Furthermore, several ideas of possible methods for the
data post processing and interpretation will be introduced.

This paper is organised in the following manner: The
following section consists of an itemized description of
the experimental setup, followed by the details regarding
the measurement techniques used in this study. To explain
the working principle of the setup, a test-case study is pre-
sented in the subsequent section, where the stability maps
of 4 burners are explored in an in-depth manner. Instead
of representing the results of mapping of the system oper-
ation regimes with just binary indicators: stable or
unstable, the observed behaviour is qualitatively
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Figure 3. Schematic of the experimental setup and a close up of
the upstream termination including the location and working of
the upstream muffler. (a) Schematic diagram of the experimental
setup. (b) Schematic diagram of the upstream termination.

characterised by introducing two more indicators: pockets
of stability and beats. The difference between the four
indicators will be elaborated in the results and is used in
the presentation of the experimental results.

Experimental Setup

This section describes the experimental setup in terms of its
construction and the objective of each part of the setup is
explained. As can be seen in Figure 3(a), the experimental
setup consists of the following parts: upstream and down-
stream terminations (Reflection Coefficient represented by
RC,, and RCy, respectively), a telescopic tube, an imped-
ance tube, a burner deck holder and the burner under
study with a quartz tube which is placed on top of the
burner deck holder.

Upstream variable reflection coefficient termination

The prominent desired feature of the upstream termination
was that it should provide an easy way to vary the

magnitude of RC,, while keeping it frequency independent
by employing some mechanical operations. This objective
was achieved by creating a compact version of the plate-
stack muffler and placing it inside a closed cylindrical
vessel as can be seen in Figure 3(b). The upstream
muffler device consists of 31 plates, each plate has the fol-
lowing dimensions: 75 X 75 X 0.25 mm. The material of
the plate is stainless steel EN 1.4301. Each of these 31
plates has a 50 mm diameter hole in the centre. Adjacent
plates are separated by combination of spacers of thickness
0.1 mm and 0.07 mm as shown in Figure 4(a) and (b). The
31 plates along with the spacers are packed in between front
and back plate of the upstream muffler, each of dimensions
100 x 100 X 10 mm. The thin as well as the thick plates
have sharp inner edges at the holes in the centre of the plate.

Furthermore, the thinner plates and spacers are inter-
laced with shutters. Each shutter is made up of 2 plates
(top and bottom plate, not to be confused with front and
back plate of the upstream muffler) which are attached to
each other at two opposite edges. The gap/separation result-
ing from the attachment between the top and the bottom
plate allows the motion of a longer third plate in between
them.

Experiments were performed to determine the optimal
thickness of the movable plate as well as the shutter assem-
bly such that when a shutter is inserted in between the stack
of plates, it performs as an acoustically closed wall. There
are two possible configurations allowed for the third
movable plate as shown in Figure 4(c), one is open and
another is closed. In the open shutter configuration, the
acoustic wave may propagate further in the stack. In
the closed configuration the part of the stack delimited by
the shutter performs as an acoustical wave termination.

Nine such shutters are placed at different locations
within the stack of 31 plates as shown in Figure 4(b).
When all the shutters are closed, the shortest portion
(volume) of the muffler device with the smallest number
of plates in the stack is working and the magnitude of
RC,, close to 0.9 is obtained. On closing the subsequent
shutter, while leaving the first shutter open, 0.8 is
obtained. Similarly if the first two shutters are left open
and the third shutter is in the closed configuration, 0.7
magnitude is obtained for RC,,. As the shutters are kept
on being opened, the magnitude of RC,, keeps decreasing
and a larger fraction of the stack of plates is involved in the
operation. A more comprehensive view of the upstream
muffler can be observed in Figure 5. The process of opti-
mization of the combination of plates and the placement of
the shutters required iterative experiments to obtain the
desired results.

To prevent leakage of the combustible mixture, the
upstream muffler is installed inside a sealed cylindrical
vessel, in other words the cylinder seen in the bottom of
Figure 4(a) is closed and it acts similar to a plenum
chamber while the experiments are performed. The
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Figure 4. Parts of Upstream termination. (a) Upstream
termination: Muffler outside the cylindrical vessel; close up of the
muffler;muffler inside the cylindrical vessel. (b) Schematic of the
upstream muffler along with the information about the plates, the
shutters (S-Number) location and spacers used. (c) Working of
the shutter assembly: Open and closed configurations.

dimensions of the vessel were chosen in a manner so that
the RC,, magnitude and phase remained unaffected by
the presence or absence of the vessel.

Downstream variable reflection coefficient
terminations

While the upstream termination is one combined and
compact setup/device, the possibility of constructing the
same for the downstream termination was discarded for
the simple reason that the hot exhaust gases and high tem-
perature downstream would make it impossible to design a
robust construction as well as forbid any motion of the third
movable plates in the shutters, which is the main method to
vary the value of RC,,. Therefore, separate terminations
were constructed.

Each termination was made up of a different stack of
plates and adjacent plates within a stack were separated
by spacers of different thickness. Each stack represents a
unique downstream termination and thus has a unique
RC,;, magnitude. Stainless steel plates of 100 x 100
mm and thickness of 10 mm were taken as the front
and back plates. While the back plate provides a closed
end wall condition, the front plate has a hole of diameter
50 mm. Between these two plates, stacks of
75%75x%x0.25 mm plates, each having a hole of 50
mm were positioned such that the hole in a stack of
plates is perfectly aligned with the hole in the front
plate as shown in Figure 6.

After various trial and error experiments, frequency-inde-
pendent, reflection devices with almost constant magnitude
of RC,, were achieved. The process of identifying the
number of plates and the thickness of spacers required to
achieve a desired magnitude of RCy, was guided by the
knowledge of the trend followed by the magnitude of RC
as the number of plates is increased or a change is made in
the spacer thickness.'” The arrangement of spacers was
similar to the one shown in Figure 6(a). Figure 6(b) shows
all the nine downstream terminations. The details regarding
the plates and spacers are mentioned in Table 1.

Change in telescopic tube (TT) length

Since this experimental setup is a modification of the test rig
from Saxena et al.,'® the placement of the telescopic tube
remained the same. The purpose of this tube was to allow
variation in the phase of RC,, with no change in its magni-
tude. As can be seen in Figures 2 and 3(a), a tube of outer
diameter 56 mm was positioned inside a tube of inner diam-
eter of 57 mm. Measures were taken to prevent any gas
leakage between these tubes. The motion of the inner tube
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Figure 5. Working of upstream muffler with respect to shutters (S-Number). (a) Open Shutter | (S-1) and Shutter 2 (S-2) result in
volume up to Closed Shutter 3 (S-3) working to reduce the absolute value of Reflection coefficient (0.7). (b) Closed Shutter 2 (S-2)
results in volume up to S-2 working to achieve the absolute value of Reflection coefficient (0.8).

inside the outer tube results in the telescopic tube length vari-
ation from a minimum length of 82.5 cm to a maximum
length of 152.5 cm. The upstream setup was placed on a
movable platform, thus any motion of TT has no effect on
the RC,, magnitude and it is purely responsible for the
phase change. As the initial value of 82.5 cm remains con-
stant for both extremes (minimum length: 82.5 cm,
maximum length: 82.5 + 70 = 152.5 cm), the results are
shown in terms of change in the TT length instead of the
actual measure of the TT length. Hence, 82.5 cm is depicted
by 0 cm change in the TT length and 152.5 cm is repre-
sented by 70 cm change in the TT length.

Burners under study and quartz tube

The TT is followed by an impedance tube equipped with
microphones. However, in the present study the results of
the pressure measurement have not been incorporated and
therefore it can simply be considered as a long tube of con-
stant length before the burner deck holder.

The water-cooled burner deck holder aides in main-
taining the same temperature of the burner throughout

an experiment. The burners are made of circular brass
plates of 1 mm thickness with multiple holes (perfora-
tions) arranged in a hexagonal pattern as can be seen in
Figure 7. These brass plates are referred to as burners in
this paper. The burners were placed on top of the burner
deck holder shown in Figure 2. Burners with hole dia-
meters of 1.5 mm, 2 mm and 3 mm have been used in
the present study. The details of the burners are shown

in Table 2.
A quartz tube with length of 110 mm and inner diameter
of 50 mm is placed on the top of the burner to observe the

flame. The inner part of the front plate of a downstream ter-
mination perfectly fits and rests on the top of this tube. The
total length of the upstream part of the setup (i.e. excluding
the quartz tube and downstream termination) is 305 cm
when the length of the TT is fixed at 82.5 cm.



Saxena et al.

257

Figure 6. Parts of Downstream terminations. (a) Downstream termination; Arrangement of spacers in between 2 adjacent plates. (b)

All of the 9 downstream terminations.

Table I. Downstream terminations.

RC Magnitude Number of Plates Thickness of Spacers

mm
0.1 75 0.10
0.2 55 0.12
0.3 37 0.15
0.4 43 0.18
0.5 25 0.20
0.6 22 0.25
0.7 12 0.35
0.8 10 0.45
0.9 4 1.00

Applied measurement techniques and
operating conditions under study
Reflection Coefficient measurement

The classic multi-microphone method, developed by Jang
and Ih,19 has been used to determine the reflection

coefficient of different terminations. For the application of
this method, 6 calibrated microphones (BSWA MPA416)
are placed at an equal-distance from each other and are
installed on an impedance tube of 1 m length. On one end
of the impedance tube, a loudspeaker is positioned and on
the other end, the sample whose reflection coefficient is to
be measured is placed.

Excitations in the form of pure tone sine waves of a
particular frequency are provided by the loudspeaker,
resulting in acoustic pressure distribution along the
impedance tube. When a sample is placed on the other
end, the reflection of the acoustic wave varies the pres-
sure distribution in the impedance tube. This new distri-
bution is captured by the microphones, the data is
collected using DAQ and controlled/processed using a
LabVIEW program. The measured range of excitation
frequencies is from 40 Hz to 800 Hz with a step incre-
ment of 20 Hz.

Finally, the collected time series data from all the micro-
phones is post-processed to identify the incident and
reflected acoustic waves. The acoustic pressure field is



258

International Journal of Spray and Combustion Dynamics |4(3—4)

Figure 7. Burners under study (Burners B,s, B,, B3, and B3, from left to right).

Table 2. Burner configuration.

Table 3. Operating Conditions.

Hole Diameter Pitch Perforation Area
mm mm mm?

Burner Index

Bis 1.5 2.0 764.78

B, 2.0 4.5 342.26

Bsq 3.0 4.5 642.92

Bsp 3.0 5.0 600.50

reconstructed using a MatLAB code and the reflection coef-
ficient of the sample is obtained. The frequency-dependent
reflection coefficient is the ratio of reflected to incident
waves.

Process of observation and frequency measurement
at system instability

Before supplying a mixture of methane and air to the
experimental setup, a particular RC,, is chosen by
opening and closing certain shutters, and one of the extre-
mal positions of the TT is selected. Then the gas mixture
is provided and the premixed flames are ignited. On the
top of the quartz tube, a RCy, termination is placed. All
the measurements are recorded after the system is fully ther-
mally equalized which requires ~ 15 min of continuous
operation.

In case the system is unstable, an external microphone is
used to collect the data regarding the frequency of instabil-
ity. The sampling length (bin size), rate and inbuilt FFT
algorithm used by the external microphone leads to a fre-
quency resolution of 3 Hz. The TT length is slowly
changed and the corresponding effect on the system stability
is noted. In the next step, the RCy, is changed and the mea-
surements are repeated by changing the TT length (keeping
RC,,, constant). Once all the nine RCg, terminations and
the case with open end downstream (without a downstream
termination) are tested, the RC,,, magnitude is changed and
the steps mentioned above were repeated. These steps are
iteratively done for various values of mixture flow velocities
and equivalence ratios. With the collected data, the stability

Minimum Step Maximum
Flow Velocity (m/s) | 0.10 1.8
Equivalence Ratio (¢) 0.8 0.05 0.9

maps of the different burners are plotted. The range of oper-
ating conditions considered are listed in Table 3.

Results and Discussion

RCyy and RCy4, measurement results

The upstream termination (cylindrical vessel with the
upstream muffler) was placed on the impedance tube
setup, and the corresponding RC,,, values were measured.
As mentioned before, was measured, then the first shutter
was opened while the consecutive shutters remained
closed and again the RC,, was measured. These steps
were repeated till the last shutter was opened (all shutters
would be open in this configuration) and Figure 8(a)
shows the plot of respective values for RC,, when the
device (stack of plates and shutters) was placed inside the
cylindrical vessel. One can see that the resulting magnitude
of RC,, is weakly dependent on the excitation frequency
and maintains close to the constant desired value for the
range of frequencies under study. These values of magnitude
and phase of RC,;, do not change in the presence of a mean
gas flow with velocity typical for combustion experiments.

Downstream terminations which were constructed sep-
arately are also almost frequency independent. The results
of the measured magnitude and phase of RC,, are shown
in Figure 8(b). (a) Reflection Coefficient of Upstream ter-
mination: Magnitude and phase of the reflection coefficient
for varying numbers of open shutters from all closed (0.9)
to 8 shutters open (0.1). (b) Reflection Coefficient of
Downstream terminations: Magnitude of the reflection
coefficient (0.1-0.9) corresponds to individual termination
(9 terminations in total).
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Figure 8. Upstream and downstream reflection coefficient. (a) Reflection Coefficient of Upstream termination: Magnitude and phase
of the reflection coefficient for varying numbers of open shutters from all closed (0.9) to 8 shutters open (0.1). (b) Reflection
Coefficient of Downstream terminations: Magnitude of the reflection coefficient (0.1-0.9) corresponds to individual termination (9

terminations in total).

Demonstration of the experimental setup: Comparison
of burners with respect to their stability maps

The methodology followed to measure the unstable fre-
quency of a burner with flames for various combinations
of upstream and downstream terminations has been
explained in detail before. The remaining part of this

contribution contains details regarding the demonstration
of the experimental setup utilizing four different burners.

The dimension of the explored space of varied parameters
is 3 (RC,,, RC,, and length of TT). To represent the data
on a 2D map and still retain a certain qualitative information
about the system dynamics, while moving along the third
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Figure 9. Symbols for the stability maps are as follows: Green
filled circle: Case | (stable for all values of TT length); black
asterisk: Case 2 (having pockets of stability); black square: Case 3
(tonal frequency) and black triangle: Case 4 (beats phenomenon).
Measurements were made at main approaching flow velocity of
1.2 m/s and at equivalence ratio of 0.8. (a) Stability map of Burner
B15. (b) Stability map of Burner B2. (c) Stability map of Burner
B3a. (d) Stability map of Burner B3b.

coordinate in the space of parameters, a set of symbols that
reflects different encountered situations is introduced.

Case 1 (green filled circle) is when the flame was initially
stable (when the TT length is 0 cm) and stayed stable as the
TT length was varied from 0 to 70 cm.

Case 2 (black asterisk) is when the flame is stable for
some range(s) of TT length and unstable for another
range(s). This situation will be referred to as the presence
of ‘pockets of stability’. The unstable frequency oscillations
maybe tonal or having beats containing 2 or more frequen-
cies. Noiray et al.>° noticed this difference in widths of
unstable combustion region for 2 different burner thick-
nesses (3 mm and 30 mm) as a function of upstream reson-
ant duct depth. Since the Burners Bys, B, B3, and B3, all
have the same thickness (1 mm), the appearance of
pockets of stability (width of stable combustion region) is
not affected by burner thickness in the present study.

Case 3 (black square) is when the flame is unstable from 0
cm of the TT length to 70 cm, without any pocket of stabil-
ity, and produces only a tonal sound of a certain frequency,
generally referred to as steady-state limit cycle cases.

Case 4 (black triangle) is when the flame is unstable,
similar to Case 3 but instead of producing only tonal
sound, there is also a range(s) of the TT length where
beats are observed. The reason for distinguishing the Case
3 and Case 4 is to retain information about the way the
limit cycle of instability would behave when the upstream
or downstream RC magnitude is varied in more detail and
obtain a trend that maybe followed by the flames.

Figure 9 shows the stability maps of Burners Bys, B,
B3, and B3, in terms of cases and symbol coding mentioned
above. Note that the cases with RC,,, > > RC,, experience
extreme instability in the presence of 2 or more oscillation
modes with different frequencies. In many cases the flame
was unable to stabilize on the burner and quenched or
flashed back. Therefore, it can be assumed that for all
cases with a fixed RC,,, for RCy, values below Case 4
(black triangle), the system was unstable in these stability
maps.

Analysing the maps one may notice that, at the given
flow setting (inlet flow velocity of 1.2 m/s and at
equivalence ratio of 0.8), the burner B;s had the
widest region of points of stable flame operation (Case
1) and thus has the highest figure of merit. If only
stable points are counted on the 2D projection of the sta-
bility map (in field of RC,,, and RC,), that is excluding
the effect of a particular TT length, then 25 points out of
the 90 operating points are completely stable for all var-
iations of TT length (0-70 cm). Therefore, the figure of
merit for Burners B;s can be assigned the value,
25/90 = 0.28.

The development of an experimental technique which
would allow measurement of a burner’s stability in the
space of parameters (characterized by the acoustic embed-
ding) and consequently help in evaluating a burner’s
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figure of merit was the main objective of the present contri-
bution and it is successfully achieved. When this experi-
mental technique is compared to theoretically proposed
indicators, the advantages of the setup standout. The
novel experimental methodology and results presented in
this paper provide a quantitative value for the figure of
merit for the tested burners which was yet to be determined
experimentally. The results from this paper can further be
used to validate the models proposed before which
depend on statistically evaluating the figure of merit using
Monte-Carlo simulation.”'* By constructing a setup,
where the reflection coefficient is weakly dependent on fre-
quency and testing all the data points in stability map (RC,,
and RCyy,: 0.1 — 0.9), this contribution allows to negate the
need for frequency dependent bounds on reflection coeffi-
cient to achieve a stable flame.'> However, the obtained sta-
bility maps allow more detailed analysis of the
thermo-acoustic behaviour of the chosen burners and their
respective flames when the acoustic embeddings are
changed.

Below a few examples of possible directions for further
analysis are presented.

It is interesting to note the trend followed by the oper-
ation dynamics when the RC,, is constant but the RCy, is
varied. For instance let’s focus on Burner B;s, the case
when the RC,, magnitude is 0.1 and monitor what
happens as the RCy, is decreased from open end condition
(no termination placed on top of the quartz tube, RC,, mag-
nitude is ~ 1) to RCy, representing a close to anechoic ter-
mination embedding (RC;, magnitude is around 0.1) as
shown in Figure 9(a). Initially the burner flame is stable
(Case 1) till the RC,4, magnitude is decreased to 0.6, for
all values of TT length (0—70 cm). Next pockets of stability
(Case 2) are encountered till the RC,, is 0.4 (i.e. flame is
stable for some values of TT length and unstable for
others values). This is followed by the case where an
unstable operation with a tonal frequency (Case 3) is
present and RCy, is 0.3. Here the flame is unstable for all
values of TT length. And finally, the case where the
flame produces beats (Case 4) is observed and any
change in the TT length doesn’t make the system stable
anymore. This trend is visible in the maps for all of the
tested burners in the mentioned operating conditions.
Case 2 may be considered, as an intermediate case before
the system becomes stable when the RC,, is fixed and
RC,, is increased. Therefore, one can conclude that as the
reflection coefficient of downstream termination increases
in magnitude, the system equipped with the given burners
tends to become stable.

Now if the same trend is followed for the Burner B,, but
the RCs are interchanged, i.e. the RCy, is kept constant at
0.7 and RC,, magnitude is decreased from 0.9 to 0.1, as
shown in Figure 9(b), the exact opposite trend as compared
to the previous analysis is observed. Namely, as the RC,,
magnitude decreases, the system initially has beats of

different frequencies due to the presence of multiple oscil-
lation modes. Further decrease of RC,, leads to disappear-
ance of beats and appearance of a tonal frequency limit
cycle. If RC,, is further decreased, pockets of stability are
encountered. For this particular burner, the system
becomes stable only for an open end downstream boundary
condition i.e. RCy4, = 1 (when RC,,, < 0.6). Observing all
the stability maps, it can be concluded that for the 4
burners considered in this study for the purpose of demon-
stration, as the reflection coefficient of upstream termin-
ation increases in magnitude, the system tends to become
unstable.

Using these stability maps, the effect of burner config-
urations on the system stability can also be traced. For
example, the Burners B, and B3, have the same pitch but
different hole diameter. Therefore, the comparison
between stability maps of Burner B, and B3, could allow
inferring the effect of the burner hole diameter on the
flame stability. As can be observed, the Burners B, has
the least of the measured figure of merit (0.055) and also
the least area of perforation. While nothing concrete can
be concluded about the effect of variation of the hole diam-
eter and/or pitch (comparison between the stability maps of
Burners B3, and Bs,,), the correlation with burner’s perfor-
ation area on the system stability is clearly visible. The
larger the perforation area, the higher is the figure of
merit of the burner (B15(0.28)> B3,(0.19)> B3,(0.17)>
B,(0.055)). Comparison between Figure 9(c) and (d) for
stable cases shows that even a slight difference of perfor-
ation area (brought about by the difference in pitch (4.5
mm and 5 mm), can impact the figure of merit of burners
having the same hole diameter (B3, and B3p: it is 3 mm
for both).

As the magnitude of RC,, is decreased from 0.9 to 0.1,
the influence of upstream duct length decreases, and the
length of the downstream duct dominates the system stabil-
ity for the magnitude of RC4,> RC,,. However, for the
cases with a minimum magnitude of reflection coefficients
both at the upstream and downstream terminations (RC,,, ~
0.1 and RCy, ~ 0.1), there is maximum acoustic loss at the
boundaries. The presence of combustion instability at close
to anechoic terminations suggests that the root cause of this
phenomenon may be the burner-intrinsic thermo-acoustic
instability of the flame.

The essence of the burner intrinsic thermo-acoustic
instability mode is that even if the losses at the boundaries
are high and external acoustic feedback (waves propagating
to the burner from upstream and downstream directions) is
absent, the internal feedback makes the flame on the burner
perform as a source of waves. This mode can be stabilized
by embedding the burner in-between certain terminations.
In the above-mentioned case of Burner Bis, this mode
starts to disappear when the magnitude of RC, is increased
from 0.1 to 0.6. The flame becomes stable when the down-
stream is no longer anechoic (RCg, ~ 0.6) while the
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Figure 10. Variation of frequency of instability with respect to
change in telescopic tube length for Burner B,; Measurements
were performed at inlet flow velocity of 1.2 m/s and at
equivalence ratio of 0.8. (a) RCup is kept constant at 0.1; RCdn:
0.6 (blue triangle); 0.7 (red cross); 0.8 (black circle). (b) RCdn is
kept constant at 0.7; RCup: 0.1 (red cross); 0.2 (blue circle); 0.3
(black hexagon). (c) RCdn is kept constant at 0.7; RCup: 0.4 (red
asterisk); 0.5 (blue square); 0.6 (black diamond).

upstream is still close to anechoic conditions (RC,, ~ 0.1)
as can be seen in Figure 9(a). This kind of behaviour was
first observed by Hoeijmakers et al.,* where they used an
analytical model to evaluate the effect of upstream and
downstream reflection coefficient on the system stability
and the flame was represented by an n-z model.

The available data can also be analysed to reveal trends
when the third parameter of the parametric space is varied.
Particularly, to analyse the effects of change in the TT
length, one may consider the RC,,, and RC, as constants
(i.e. select one point in the stability map figure) and plot
the dominant frequency as a function of change in TT
length as shown in Figure 10. As it can be anticipated, it
was observed that the unstable frequency decreases with
increase in the TT length (as the wavelength of the acoustic
wave increases), until a pocket of stability is encountered.
Since in our experimental setup, the downstream duct is
much shorter than the upstream duct, the acoustic time
scale of downstream duct is also smaller than that of the
upstream part. By increasing the TT length, the upstream
acoustic time-scale is further increased resulting in the
observed decrease in frequency.

For Burner B,, in Figure 10(a), it can be observed that
at RC,,: 0.1, an increase in RCy, from 0.6 to 0.8 resulted
in a slight increase of unstable frequency, while the occur-
rence of pockets of stability doesn’t have any particular
trend with respect to change in RC; magnitude.
Contrary to the previous case, for constant value of
RCg,: 0.7, an increase in RC,, from 0.1 to 0.3 resulted
in a decrease of unstable frequency unless a mode shift
was encountered (for example at change in TT length:
53 cm (for RCg,: 0.7 and RC,,: 0.3) in Figure 10(b)). It
must be noted from Figure 10(a) and (b), a mode shift is
always followed by pocket of stability for each case with
increase in length of TT. If the RC,, is further increased
(RCyy: 0.7; RC,yp,: 0.4-0.6), the pockets of stability
present before the mode shift in unstable frequency dis-
appear as can be seen in Figure 10(c).

A similar analysis on the effect of change in the TT
length can be done for any/all points in the stability maps
shown in Figure 9. After performing this kind of analysis
for the burners considered above, it can be hypothesized
that the pocket of stability is the precursor of upcoming
switch of the dominant modes of unstable frequency as
the tendency described above was observed for the stability
maps of all the burners.

Effects of change in inlet velocity and equivalence
ratio on flame stability

For consistency all the above mentioned studies were per-
formed keeping the flow operating conditions constant.
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The inlet flow velocity of fuel and air mixture in the perfor-
ation holes was kept at 1.2 m/s and the equivalence ratio
(¢) was fixed at 0.8. In the following part the effect of
changes in the inlet velocity and ¢ as mentioned in
Table 3 are shown. For cases where the inlet velocity is
varied, the equivalence ratio is kept constant and vice versa.

Results of the experiments show that an increase in the inlet
velocity results in an increase in frequency of instability at a
fixed value of the TT length as shown in Figure 11(a), for
example, when the length of the telescopic tube is fixed at
20 cm, and the inlet velocity is increased from 1.2 m/s to
1.5 m/s, the unstable frequency increases from 267 Hz to
281 Hz. Further increase in inlet velocity to 1.8 m/s results
in an increase in unstable frequency to 302 Hz. There were
also cases when a stable flame became unstable due to increase
in velocity. Inlet velocity change showed no hysteresis, and the
results were repeatable. In the cases where the system experi-
enced beats phenomenon (Case 4), the increase/decrease in vel-
ocity lead to the disappearance of beats and tonal sound was
produced by the flame. The pockets of stability also tend to dis-
appear with increase in the inlet flow velocity.

The effect of increasing ¢ at a fixed inlet velocity
showed interesting trends in the alteration of the (dis-)
appearance of above mentioned 4 cases (especially
pockets of stability). An increase in ¢ lead to an increase
in unstable frequency. For the zones in the stability maps
where the flame produced beats phenomenon, an increase
in ¢ resulted in the disappearance of the beats and the
system produced pure tonal frequency of a limit cycle
acoustic oscillations. Further increase in ¢ lead to shift in
unstable oscillation mode. Consider Figure 11(b), the case
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with ¢: 0.8 (blue circle), there is a pocket of stability
from 0 cm to 2 c¢cm and 62 cm to 68 cm, and as ¢ is
increased to 0.85 (red diamond), a stable pocket appears
from 0 cm to 26 cm and 50 c¢m to 70 cm.

Conclusions

In the present contribution, the design, construction and usage
of a new setup which allows testing the phenomena of thermo-
acoustic instabilities in a combustion device are introduced.
The unique feature of the setup is the possibility to vary the
reflection coefficients at the acoustic boundaries of a burner/
flame. The magnitude of the reflection coefficients are almost
frequency independent in a wide range of frequencies (includ-
ing the low frequency limit). Furthermore, the setup allows
independent variation of the phase of the upstream reflection.

The achieved variation range of magnitudes of reflection
coefficients is from 0.1 to 0.9 for both upstream and down-
stream terminations in the frequency range 40-800 Hz. The
additional option to vary the length of the TT (0-70 cm)
provides further flexibility to control the phase of the
burner upstream reflection. The paper contains a detailed
overview of the setup, which makes it possible to assemble
the setup at another laboratory and perform experiments of
the similar kind.

The idea behind the setup is to allow an experimental
mapping of stability-instability regions for given burners/
flames in the space of reflection coefficients as the para-
meters of the burner acoustic embeddings. The mapping
is then used to evaluate the thermo-acoustic behaviour of
several burners with flames and different burners/flames
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Figure I 1. Variation of frequency of instability with respect to change in telescopic tube length for Burner B;: RC,, is kept constant at
0.2 and RCyj, is kept constant at 0.7.(a)¢ is kept constant at 0.8; Inlet flow velocity is varied as follows: 1.2 m/s (blue circle); 1.5 m/s (red
square); 1.8 m/s (black pentagon). b) Inlet flow velocity is kept constant at 1.2 m/s; ¢: 0.8 (blue circle); 0.85 (red diamond); 0.9 (black

cross).
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are compared with each other in respect to their figure of
merit. Therefore, the notion of the burner/flame figure of
merit is evaluated experimentally.

The usage of the setup is demonstrated for four burners
which have some similarity in terms of their burner geom-
etry parameters.

The performed analysis of the (in-)stability maps of the
flames under various operating conditions demonstrates a
possibilities to elucidate correlations which may provide
an extra understanding regarding the burner’s thermo-
acoustic properties and its figure of merit particularly.

Since the results produced are promising, further study
can be performed using multiple burners, incorporating
the impedance tube placed on the setup to study the
modes of the encountered unstable regimes of operation
of different burners. Moreover, this setup will also
provide ways to validate analytical models and thus result
in achieving a wider range of applications.
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