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ABSTRACT

The instability of combustion processes in heat engines, particularly those with
continuous fuel injection such as gas turbines and jet engines, poses significant challenges
impacting efficiency, fuel consumption, and engine life. A critical factor contributing to
this instability is the interaction between fluctuating heat release from combustion and
acoustic pressure fluctuations within the combustion chamber. Rayleigh criteria have
been pivotal to understanding this instability, particularly in settings like the Rijke tube,
where acoustic excitation plays a crucial role. In recent experimental studies, the
dynamics of diffusion flames within a vertical Rijke tube were investigated extensively.
In this paper, the Rijke tube is acoustically excited at first three harmonics mode of 74
Hz, 222 Hz and 370 Hz, and fuel is excited with frequencies from 30 Hz to 300 Hz.
Measurements included acoustic pressure via microphone system and flame
chemiluminescence emissions via light cell system have been analyzed. Notably, at a fuel
excitation frequency of 90 Hz, significant flame instability was observed, influencing
both flame appearance and spectral characteristics. Under excitation, the initially laminar
flame transitioned to turbulence, characterized by a change in flame color to blue and a
distinctive V-shaped flame structure with rotational behavior. Increasing excitation
further led to flame lift-off and extinction, akin to scenarios with increased fuel flow rates.
Spectral analysis revealed a transition from a dominant frequency of 13 Hz (typical for
laminar flame) to higher frequencies as instability progressed towards flame blowout.
Moreover, experiments within the Rijke tube demonstrated strong interactions between
fuel excitation and tube harmonics, notably at the first harmonic frequency where anti-
node pressure fluctuations were most pronounced. This interaction significantly affected
flame stability, evident in RMS values peaks of chemiluminescence emissions, while
decays indicated instability or extinguishment. Acoustic pressure fluctuations,
particularly at the first harmonic frequency, exerted a significant destabilizing effect,
whereas lesser effects were noted at higher harmonics, where acoustic velocity
fluctuations are high. Cross-correlation analysis between acoustic pressure and flame
chemiluminescence emissions highlighted clear distinctions between stable and unstable
conditions. These findings underscore the complexity of combustion instability and its
sensitivity to acoustic conditions and fuel excitation frequencies. Such insights are crucial
for developing effective stability control systems, whether active or passive, aimed at
enhancing engine performance and reliability in diverse operational conditions.
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INTRODUCTION

Fossil fuel combustion remains crucial for generating thermal energy in heat
engines such as gas turbines and jet engines, necessitating high operating temperatures
exceeding 1000°C. Despite its prevalence, the environmental impact of fossil fuels,
including toxic emissions like carbon monoxide and nitrogen oxides, as well as
greenhouse gases such as carbon dioxide, underscores the need for enhanced engine
efficiency and reduced emissions. One strategy to achieve these goals is operating engines
on very lean fuel-air mixtures. Lean combustion processes offer several advantages,
notably lowering combustion temperatures, which mitigates the formation of nitrogen
oxides in the air [1]. This approach not only curtails pollutant emissions but also enhances
thermal efficiency and lowers specific fuel consumption. However, running engines on
excessively lean mixtures presents challenges. Moreover, lean mixtures can lead to
combustion instability within engine chambers, posing operational risks and impacting
engine performance reliability [2].

Combating combustion instability is critical in the operation of continuous fuel
injection for combustion engines processes. Addressing this issue involves advanced
engineering solutions such as optimizing fuel injection systems, adjusting air-fuel ratios
dynamically, and improving combustion chamber designs to promote stable and efficient
combustion. Efforts to improve heat engine performance must strike a balance between
achieving lean combustion benefits and managing associated challenges. Ongoing
research focuses on developing technologies that enhance combustion stability while
maximizing efficiency and minimizing environmental pollutant emissions. Innovations
in materials, fuels, and combustion control systems are pivotal in advancing towards
cleaner, more efficient fossil fuel utilization in heat engines, ensuring sustainable energy
solutions for future generations.
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Combustion instability encompasses various oscillatory behaviours observed in
combustion systems, posing significant challenges due to reduced efficiency, increased
emissions, and potential damage to equipment. A critical manifestation of this instability
is thermo-acoustic instability, where acoustic oscillations interact with heat release
dynamics, leading to amplified pressure oscillations within the system [3]. Understanding
these phenomena involves detailed study of flame characteristics. This includes analyzing
flame dynamics to determine oscillation frequencies, measuring pressure oscillation
intensities, and assessing correlations in emitted chemiluminescence emissions waves
under varying conditions. Positioning the flame within the combustion chamber and
controlling parameters such as fuel flow rate are crucial factors influencing instability.

Previous studies have extensively addressed the mitigation of thermo-acoustic
instability, employing two primary techniques: Passive Instability Control (PIC) and
Active Instability Control (AIC). These approaches are discussed in relation to their
effectiveness in managing combustion dynamics. Additionally, the study reviews the
concept of chemiluminescence emission, detailing methods for quantifying flame
chemiluminescence emissions relevant to this investigation.

Thermo-acoustic instability in combustion arises from the interplay between
acoustic pressure waves and fluctuating heat release within the system. This dynamic
coupling leads to self-sustained oscillations known as thermo-acoustic instabilities. These
instabilities occur when the acoustic feedback amplifies certain frequencies, creating a
resonance that can significantly affect combustion efficiency and stability. Understanding
thermo-acoustics is crucial in engineering combustion systems to mitigate these natural
instabilities, which can cause fluctuations in temperature, pressure, and ultimately affect
performance and safety.

In 1859, Rayleigh [4] provided the foundational explanation for the emergence of
heat-driven oscillations, laying the groundwork for understanding combustion instability.
His insight centred on the delicate balance between acoustic dissipation and excitation
within combustion systems. This balance is crucial as it determines whether small
perturbations can grow into sustained oscillations, often leading to undesirable
consequences such as increased engine noise or even mechanical damage. Since
Rayleigh's pioneering work, numerous attempts have been made to develop analytical
models that predict combustion instability in terms of its amplitudes and frequencies.
However, the complexity of engine noise and the intricate interactions between heat
release and pressure oscillations often defy straightforward analytic techniques. Early
models focused on correlating heat-release dynamics with pressure fluctuations over
time, seeking to establish criteria for the onset of instability. Rayleigh's criterion for
instability underscores the critical role of feedback mechanisms in amplifying oscillations
within combustion systems. It highlights the sensitivity of these systems to initial
disturbances and the nonlinear responses that can occur as a consequence of dynamic
coupling between heat release and pressure variations. In contemporary research, while
sophisticated computational tools have advanced our ability to simulate and predict
combustion dynamics, the fundamental insights from Rayleigh's work continue to inform
efforts to mitigate instability and enhance the efficiency and reliability of combustion
processes in various industrial and transportation applications.

Rayleigh’s criterion has been used in combustion instability studies, which is the
coupling between unsteady heat release and acoustic pressure. This criterion states that if
the local unsteady heat release g'(t) is in-phase with local pressure fluctuation p’(t), the
pressure wave associated with the fluctuation will be locally amplified. In 1953, Putnam
and Dennis [5] formulated Rayleigh's hypothesis for heat-driven oscillations into a
mathematical expression known as the Rayleigh integral form. This formula describes the
coupling between unsteady heat release (q(t)) and acoustic pressure (p(t)) in combustion
instability studies. According to Rayleigh's criterion, when the local unsteady heat release
is in-phase with local pressure fluctuation, the pressure wave associated with the
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fluctuation can be locally amplified. The Rayleigh integral form provides a quantitative
framework to analyze and predict the conditions under which combustion instabilities
driven by the interaction between heat release and acoustic waves may occur. The
Rayleigh integral form is:

[ p'®q Mt >0

Where p is the pressure, g the heat release, T the time of one period of a cycle and the
symbol “denotes the fluctuating quantities. The equation above states that the product of
the heat release and the sound pressure fluctuation is integral over a period of oscillation
T. If the integral of state is positive, then the oscillation is amplified, if it is negative,
damping occurs. In other words, the phase difference or time lag between the heat release
rate and the pressure oscillation determine whether the instability grows or decays. This
approach has led to the widespread adoption of phase shift controllers as a dominant
combustion control strategy. These controllers detect pressure within the combustion
chamber and introduce a time delay (phase shift) to the signal before feeding it back into
the acoustic system via a loudspeaker installed for dynamic system control. Putnam's
experiments in 1971 [6] echoed Rayleigh's criteria, providing insights into pressure
oscillations within combustion chambers.

Acoustic waves interact with flames directly within the flame zone, where they
encounter steep gradients in gas properties at the flame front. These waves can scatter and
potentially amplify due to the flame's response to perturbations, highlighting a critical
area of interaction influencing combustion stability and dynamics. Indirect interactions in
flow fields, irrespective of flame type (diffusion or premixed) manifest consistently.
Studies show acoustic perturbations induce velocity fluctuations in non-reacting jets or
flows [7], highlighting their influence beyond specific combustion dynamics.

In Lieuwen's comprehensive review (2003)[7] the interaction between flames and
acoustic waves is categorized based on their impact on the flame's internal structure or
global geometry. Acoustic disturbances influencing local burning rate are linked to
pressure-coupled mechanisms, while those affecting global flame dimensions like length
or area typically involve velocity-coupled mechanisms, Figure (1) shows the acoustic
disturbances classification. This classification underscores how acoustic waves can
distinctly modify flames: either by altering their internal combustion dynamics or by
influencing their overall shape and size in the presence of fluctuating pressures or
velocities. Understanding these mechanisms is crucial for controlling combustion
stability and efficiency in practical applications.

Pressure Coupled | Disturbance of Flame

Mechanisms Intermal Structure
Acoustc
Disturbances

Velocity Coupled Distwbance of Flame

Mechanisms Global Geometry

Figurel: Acoustic disturbances classification.

Camilo (2023) [8] explored thermo-acoustic instability in gas turbines, exacerbated
by lean combustion technologies. Traditionally, these instabilities were attributed solely
to acoustic cavity modes, inherent to the combustion system's geometry. The sensitivity
of lean premixed flames to acoustic environments highlights the increased occurrence of
such instabilities in modern turbine operations. Heckl et. al (2022) [9] derived an integral
equation for the acoustic field using a Green's function tailored to a 3-D rectangular box
with hard-wall boundaries. they solve this equation through two methods: an iterative
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approach in time to track acoustic velocity history and a Laplace transform method to
determine eigen-frequencies and growth rates of thermo-acoustic modes, their results,
focused on 2-D scenarios, highlight how flame orientation and position significantly
influence thermo-acoustic instability and mode interference. King et. al. (2023) [10]
introduce a novel actuator concept for combustion control using sub-breakdown electric
fields and flame plasma properties. This technology enables variable flame distortion and
bidirectional heat release control, crucial for suppressing thermo-acoustic instability.
Demonstrating a 27 dB reduction in sound pressure level within 60 ms, the concept
operates at low power (40 mW for a 3.4 kW flame) without moving parts, showing
promise for widespread use in combustion applications. Yongqing et. al. (2024) [11]
develop a Helmholtz method to predict self-excited thermo-acoustic instabilities in gas
turbine combustors. They incorporate flame describing functions, measured damping
rates under firing conditions, and non-uniform spatial parameter distributions. Results
show lower damping rates in hot conditions versus cold, with predicted Eigen-frequencies
and velocity fluctuations within 10% error. They observe mode shapes and velocity
fluctuations influenced by equivalence ratio, air flow rate, and combustor length,
highlighting effective instability prediction. Huimin Guo (2011) [12] investigated the
stability of laminar diffusion flames and their interaction with acoustic waves within an
acoustically excited cylindrical tube. This study explored intriguing phenomena related
to the effects of infrasound and sound on flame dynamics and structure. When a
cylindrical tube burner is acoustically excited at one end, it induces a standing wave along
the burner's length. Guo applied a programmable signal from a generator to drive a
loudspeaker, generating acoustic waves of varying frequencies and intensities to excite
the flame. This manipulation can lead to diverse outcomes such as increased stability,
instability, or even flame blowout. The research employed methods from both the
frequency domain and time domain to analyze how acoustic waves affect flame stability.
By varying the frequency and intensity of the acoustic waves, Guo examined changes in
flame behaviour and stability. In this paper the fuel feeding the diffusion flame will be
excited by a loudspeaker, and interacts with an acoustically excited cylindrical tube.

The excitation of fuel with known frequencies from signal generators allows
researchers to study the coupling between acoustic waves and flame dynamics, providing
insights into instability mechanisms. Ultimately, comprehensive investigation into flame
behaviour under different operating conditions is essential for developing strategies to
mitigate combustion instability, ensuring safer and more efficient combustion processes
in industrial and transportation applications. In this paper, the chemiluminescence signal
from the flame and its relationship to the acoustic signal of the diffusion flame inside an
acoustically Rijke tube will be analyzed. This analysis is represented in terms of spectral
analysis of the optical and acoustic signals and also a calculation of the cross-correlation
between the two signals. The aim of this analysis helps in controlling the phenomenon of
combustion instability. Therefore, studying the interaction between sound waves and
flame dynamics is the crucial step to understanding thermo-acoustic instability,
monitoring, avoiding, and reducing or possibly eliminating its effects.

EXPERIMENTAL SETUP

The experiment setup consists of two different techniques: the microphone system
technique to measure the acoustic signal and the other technique is the light cell system
to measure the chemiluminescence emission from the flame. These two systems are
installed on a high-speed data collection system with a speed of up to 1.25 M samples per
second, and analyzed using the LabVIEW software from National Instrument Company.
Figure (2) shows the over view of the experimental setup used to analyze the dynamics
of the flame excited by the two acoustic excitation units.
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Figure 2: Fuel excited confinement dlffu5|on jetin an acoustically cyllndrlcal tube with an
enclosed baffle loud-speaker mounted at the bottom end.

The rig has three units: acoustic waves generating unit, burner unit, optical and
acoustic measurement unit. Acoustic wave generating unit by using a controllable
frequency signal generator is used to excite the fuel feeding the burner with a frequency
range from 30 to 300Hz, and the other is used to excite the air inside the cylindrical tube
(Rijke tube), loudspeaker and power amplifier are used for excitation units. The rear side
of the loudspeaker diaphragm is enclosed by a box (15cm Diameter x10cm height), which
ensures the loud-speaker is a monopole source (Closed-box Baffle loudspeaker). The
burner unit consists of a fuel supply and a transparent cylindrical tube burner (combustion
chamber). The burner is a single copper fuel pipe of 0.5 cm inner diameter, there is an
orifice at the end of the pipe which reduces the overall inner diameter to 0.75mm. The
pipe is connected to a compressed propane gas cylinder. The fuel is regulated by a control
valve and measured by a rota meter. The burner fuel nozzle position in this test case
placed at 30cm from the bottom of the Rijke tube. The other unit of excitation used to
excite the air inside the Rijke tube at the first three modes with length of 117cm.

RESULTS AND DISCUSSIONS

In applications like power generation, heating, and propulsion, large-scale
combustion encounters significant pressure fluctuations, especially under lean mixtures.
Combustion dynamics often couple with acoustic fields, likening combustion chambers
to resonant organ pipes. Research involves measuring diffusion flame dynamics inside a
Rijke tube, analyzing flame signals' power spectra, auto-correlation and cross-correlation
under varied excitation, involves exciting fuel with a signal generator in atmosphere.
Monitors a jet diffusion flame in an acoustically excited Rijke tube with a simultaneous
fuel excitation.

Free jet diffusion flame dynamics with fuel excitation were analyzed under the
influence of excitation of the fuel feeding the flame using a loud-speaker connected to a
signal generator with a known frequency. After a quick scan of the frequency applied to
the excitation unit, two frequencies were chosen, the first when the frequency was very
influential on the stability of the flame, and the strongest effect was 90 Hz and the type
of signal was sinusoidal. Second excitation frequency, the flame was more stable, that
was happened at 185 Hz. Acoustic excitation frequency has been selected with a variable
voltage applied to the loudspeaker from 0 Volt (without excitation) to voltage that the
flame blowout, the most commonly used type of loudspeaker is an enclosed box in which
the loudspeaker is mounted, the back side of the loudspeaker is isolated from the front.
The closed-box sides are as rigid as possible using a suitable material. A small air leak is
provided in the box so that changes in the atmospheric pressure do not displace the natural
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position of the diaphragm. The fuel used in these experiments is propane, the fuel flow
rate is 1 ml/min, and the burner diameter is 0.75 mm.

Figure (3) shows the effect of sound intensity on the free jet diffusion flame at applied
frequency of 90Hz. The figure contains three sub-figures, which are the shows the
chemiluminescence time signals emitted from the flame using the light cell, sub-figures on the
right hand side shows the power spectrum of the signals and the sub-figures in the middle shows
the auto-correlation of the signals. In the same manner in the arrangement of Figure (4) when
excitation frequency of the fuel is 185Hz
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Figure3: Normalized chemiluminescence signals, auto-correlation and power spectrum of
free jet diffusion flame with fuel excitation at frequency 90 Hz.

It is clear from the Figure that the excitation of the fuel has a strong effect on flame
instability. In the absence of excitation, the flame was stable, laminar, and sitting on the rim of
the burner, and the signal was almost like a sinusoidal signal, free of distortions that would
indicate turbulence. Also, the auto-correlation was very strong, which indicates that the signal
measured under these conditions has a similar to the auto-correlation of the theoretical signal of
the sine wave. Spectral analysis of this signal revealed one very strong peak, which represents
the dominant frequency of this signal, which is around 13Hz. Figure (4) show the comparison
between previous results of spectrum analysis using a CCD camera (Yingping 1999) [13] and
Farhat et. al. 2017 (14) using a light cell in this paper, the CCD camera and light cell techniques
show that the power spectrum of free jet diffusion flame frequency is 13 Hz, the revised analysis
flame flicker result in qualitative agreement between this research and previous studies with the
same frequency of the flame dynamics. Also, the shape of the signal is almost exactly the same.
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Figure 4: A comparison between previous results of spectrum analysis using a CCD camera
(Yingping 1999) and using a light cell in this study

When the flame was excited at a frequency of 90 Hz and 0.5 volts, the flame began to
become turbulent, changing the shape of the flame and starting to rise on the rim of the burner
(flame lift-off), and the color of the base of the flame turned blue as a result of its mixture with
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air before the process of combustion. The flame also decreased in size and became short, which
reduced the intensity of the flame’s chemiluminescence emission. The disturbance was greater
when the voltage was increased to 1 volt. The instability of the flame increased to the maximum
extent that after this voltage the flame was extinguished. It is noted that the auto-correlation has
become very weak, which means that the measured signal has become random and the number
of sub-frequencies has increased, and it is considered very strong, which means that the flame
has become unstable and reached the state of extinguishing at a very low voltage applied to the
loud-speaker. It has been concluded from these results that the state of turbulence in the flame of
this burner is strong of this burner diameter at a frequency close to 90 Hz. Therefore, it should
avoid using this type of burner with a diameter of 0.75 mm in noise with a frequency closed to
90Hz. The fuel frequency excitation was also chosen at 185 Hz. It was noted that when the flame
was excited at this frequency, the flame was stable under high voltage compared to the frequency
of 90 Hz. Figure (5) shows the measured signal, auto-correlation, and power spectrum analysis
of the flame at a frequency of 185 Hz when the applied voltage on the loud-speaker and the
amplitude of the signal generator changes from 0 volts to 7 volts.
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Figure 5: Normalized chemiluminescence signals, auto-correlation and power spectrum of
free jet diffusion flame with fuel excitation at frequency 185 Hz.
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The results obtained in Figure (5) have the same behavior compared to the results shown
in Figure (3), except that when excitation at a frequency of 185 Hz, the results showed that the
flame was more stable than when excitation at a frequency of 90 Hz. As shown in the figure, the
flame was stable up to 7 volts and did not blowout, comparing it, when excited at a frequency of
90 Hz, the flame blowout when the applied voltage across the loud-speaker reached a little more
than 1 volt. This means that, this size of the burner has the strongest flame stability when the fuel
flow is fluctuated within 185 Hz.

Figure (6) shows the relationship between the applied voltage across the loud-
speaker and the estimation spectrum for each of the two excitation frequencies of the fuel
feeding the burner. The results are quite clear that in sub-figure A, in which the excitation
frequency is 90Hz, the flame was weakly stable which the flame is blowout at 1 volt,
meaning that the flame does not resist the excitation of the fuel feeding the burner when
the fuel oscillates at the frequency of 90Hz. While in the high oscillation at the frequency
of 185 Hz as shown in sub-figure B, at this frequency, the flame did not extinguish even
if it reached 7 volts. The fuel flow rate was equal in both cases of excitations, which is 1
ml/min.

The appearance of a gaseous diffusion flame changes as the sound pressure level is
increased, also the height of the flame decreases gradually. Under some conditions, the
flame splits into two and forms a V-shape as shown in the Figure (7). The flame is
observed to rotate around its axis forming a far more complex structure. The flame height
(the height measured from the burner exit and including the flame lift-off distance)
without excitation was 12 cm compared to 5 cm with excitation. The flame lifts-off with
a height of approximately 2 cm above the burner exit just before it blowout. Figure (8)
and Figure (9) also illustrates some typical data on lifting and the ultimate blowout of a
diffusion flame under different applied voltages to the loudspeaker and applied frequency
of 90 and 185 Hz. The dashed line, on which typical flames are shown, illustrates the path
of the flame base as the sound pressure level is reduced and the flame is reattached to the
fuel nozzle. The end point, at the applied voltage of about 1.25 volts at applied frequency
90Hz, while more than 7 volts at frequency of 185Hz, corresponds to complete blow-out
(extinguish).

Diffusion flame dynamics inside acoustically Rijke tube and fuel excited is also
studied. Figure (10) illustrates the first three wave modes of the measured rms pressure
along the tube with length of 117cm. These were obtained by moving the microphone
along the tube whilst keeping the loudspeaker at a constant power.

To study the flame dynamics inside the Rijke tube, the burner was placed at a
distance of 30cm above the lower end of the tube (30cm above the loudspeaker), as shown
in Figure (11). From the results of the tube mode, under the influence of the first three
harmonic frequencies of the tube, the flame exposed on a high fluctuation of pressure at
the first harmonic frequency, while at the second and third harmonic frequencies modes
the flame exposed on a low fluctuation of pressure and a high velocity fluctuation. This
will be studied in details in the next section.

Figure (12) shows the normalized chemiluminescence signal, power spectrum and
auto-correlation of diffusion flame without excitation of fuel and air in the Rijke tube. In
this experiment, the flame was placed inside a Rijke tube to study the effect of the tube
on the flame dynamics without excitation. In a previous experiment, flame dynamics were
analyzed under the same conditions of fuel flow rate and burner diameter, but outside the
tube (Free jet flame). The comparison between them was done through power spectrum
analysis and correlation of the chemiluminescence emission signal. The results show that
the tube has an effect on the flame dynamics, and this is clear from the results in Figures
(3) and (5) at an applied voltage of zero volts (Without excitation).

The results showed that there was a significant difference in the form of the signal
and also the spectral analysis of the chemiluminescence emission from the flame,
including that the frequency increased from 13 Hz in the free jet laminar flame to 19 Hz
when the flame placed inside the tube. Also, there is a lot of frequencies peaks in the
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power spectrum of chemiluminescence emission when the flame placed inside the tube,
while in the free jet flame there is only one dominant frequency, which is 13 Hz, and
narrow band range. By calculating the correlation of the signals, the results showed that
the flame inside the tube has a very weak correlation, while in the free jet flame it has a
very strong correlation. This sums up that the flame inside the tube is unstable compared
to a free jet diffusion flame. This is due to the interaction that occurs between the heat
release from the flame and the tube mode represented by the fluctuating acoustic pressure

inside the tube.
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Figure 12: Normalized chemiluminescence signal, power spectrum and auto-correlation of
diffusion flame inside without excitation of fuel feeding the flame and air in the
Rijke tube.

The flame inside the Rijke tube was excited by two excitation systems. The first
was to excite the fuel feeding the flame using a signal generator. The excitation was with
a sine wave at different frequencies. The second system was used to excite the air inside
the Rijke tube at the first three harmonic frequencies modes of the Rijke tube, with 117cm
long. The first three harmonic frequencies are 74, 222 and 370 Hz. The time taken for the
measurement is 0.45 sec with a sample rate of 44,100 samples/sec.

Figures (13) show the relationship between the excitation frequency of the fuel
feeding the flame and the RMS values of the chemiluminescence emission inside
acoustically tube at the first three modes (74, 222, and 370Hz).

From Figure (13) there are many peaks and decays of RMS of Chemiluminescence
emission. Attention must be paid to studying these peaks and decays that appeared when
calculating the RMS Chemiluminescence emission. At the decays; the intensity of the
chemiluminescence emission is low, and sometimes at these frequencies of the fuel
excitation the flame is extinguished due to its intense disturbance, while at the peaks, the
flame is stable on the burner and the flame takes the characteristics of a laminar diffusion
flame, these results are consistent at all the first harmonic frequencies of the tube: 74, 222
and 370 Hz.

Auto-correlation of chemi.
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In the First mode of the tube; the decays occurred at the fuel excitation frequencies
of 61 Hz and 114 Hz, at these frequencies, the flame is completely unstable and
sometimes flame extinguishing occurs. At peaks; the flame is completely stable at the
excited fuel frequencies of 46 Hz and 78 Hz, although the flame without fuel excitation,
i.e., the frequency is zero, the flame was relatively turbulent compared to the frequencies
46 and 78 Hz.

At the second harmonic frequency of the tube (f=222Hz) peaks and decays also
appeared in Figure (13). The decay appeared at the fuel excitation frequency of 100 Hz.
The flame was unstable, and peaks appeared in the chart at the fuel excitation frequency
of 142 Hz, where the flame was stable.
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Figures 13: Chemiluminescence emission RMS as a function of Fuel excitation inside an
acoustically tube at first three modes (74m 222 and 370Hz).

At the third harmonic frequency, peaks occur at the following frequencies of 60,
195 and 284 Hz, at these frequencies the flame is stable. Decays points in the curve at the
third harmonic frequency occurred at the following fuel excitation frequencies of 151,
266 and 295Hz. Some peaks and decays were selected from the RMS of
chemiluminescence emission charts for all three modes to study the dynamic signals of
acoustics and chemiluminescence emission signals in terms of power spectrum as well as
the cross-correlation between measured acoustic and chemiluminescence emission
signals. From the results of the spectral analysis of all the peaks and decays of acoustic
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and chemiluminescence emissions at all the first harmonic frequencies of the tube, 74,
222 and 370 Hz, have the same behaviour, and are completely compatible, so a single
excitation frequency was chosen for each harmonic frequency of the tube for a peak and
a decay.

Figure (14) shows the signal processing of diffusion flame inside the Rijke tube at
the first harmonic mode without fuel excitation in terms of; normalized signals of acoustic
and chemiluminescence (top sub-figures), power spectrum and cross-correlation of both
signals acoustic and chemiluminescence (bottom sub-figures).

Figure (15) shows the signal processing of diffusion flame inside the Rijke tube at
the first harmonic mode with fuel excitation at peak RMS of chemiluminescence emission
signal, in this paper the fuel excitation frequency 46 Hz is selected. In Figure (16) the
decay at fuel excitation frequency of 114 had been selected for signal processing of
diffusion flame at the first harmonic frequency of the tube (74Hz).

Form the results of the first mode of the tube; through spectral analysis of the two
signals, it becomes clear to us that the peaks have a different spectral behaviour from the
decays. In the decays, a large group of frequencies appear and have high values at the
frequency 114 Hz, while at the peak values of RMS values with fuel excitation frequency
46 Hz these strong sub-frequencies do not exist, only one dominant frequency. Strongly,
that is, whenever the power spectrum analysis includes a large number of strong peaks of
frequencies, it gives a strong indication of the instability of the flame, even though there
is a strong correlation between the acoustic and chemiluminescence emission waves.

The changes that occur when the fuel excitation changes are a result of the
oscillatory change of the flame with the first harmonic frequency of the tube. One of the
results also is that when the tube is excited at the first harmonic frequency, the sensitivity
is very high. Most often, flame extinguishing occurs, due to its instability. Therefore, in
such conditions for the flame inside the tube, frequencies that cause instability must be
avoided. In this experiment, the frequency 114 Hz must be avoided. These results are very
important for choosing frequencies in controlling flame instability using active instability
control system. This applies to the rest of the frequencies at which decays in the RMS
value of chemiluminescence emission occurred.
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Figures 16: Normalized acoustic and chemiluminescence emission signals, power spectrum
and cross-correlation at the first mode of the tube (74Hz) with fuel excitation of
114Hz.

Likewise, as in the first harmonic frequency of the tube, two frequencies were
chosen to excite the fuel, one frequency at the peak and the other at the decay for the
second and third harmonic mode of the tube. The spectral analysis of the acoustic and
optical signals is shown in the following figures:

Figure (17) shows the spectral analysis of the two signals under the influence of the
second harmonic frequency without excitation of the fuel, while Figure (18) shows the
spectral analysis of the flame at the second harmonic frequency with the choice of the
fuel excitation frequency of 142 Hz (chemiluminescence emission diagram with peak
value of RMS), also, the fuel excitation frequency 100 Hz was chosen at the second
harmonic frequency when the RMS value at the decay, as shown in the Figure (19).
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For the third mode of the tube; Figure (20) shows the spectral analysis of the
acoustic and chemiluminescence emission signals in third harmonic frequency without
excitation of the fuel, Figure (21) shows the spectral analysis of the flame at the third
harmonic frequency with the fuel excitation frequency of 195 Hz (at peak value of RMS),
the fuel excitation frequency was chosen at 295 Hz at decay of RMS value, as shown in
the Figure (21).
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Figures 20: Normalized acoustic and chemiluminescence emission signals, power spectrum
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excitation (f=195Hz).

The correlation between the acoustic signal and chemiluminescence emission
(cross-correlation) is relatively strong, but it has a spiral twist that is due to the large
frequency difference between the two signals. Here in this correlation between the
acoustic signals, which have a frequency of 222 Hz, and the frequency of
chemiluminescence emission, which does not reach 30 Hz. This twisting into a form
becomes stronger in its spiral form whenever the difference in frequency is very large.
The main factor in this is the delay time between the two signals. The cross-correlation

Journal of Engineering Research  (University of Tripoli) Issue (38)  November 2024 85



between acoustic and chemiluminescence emission signals increased in spiral
twisting in the third mode (370Hz) due to the increase in the difference between
the two frequencies for both the acoustic signal and the chemiluminescence
emission signal. It is considered that the cross-correlation between the two signals
is strong at all fuel excitation frequencies.
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Figures 22: Normalized acoustic and chemiluminescence emission signals, power spectrum
and cross-correlation at the third mode of the tube (370Hz) without fuel
excitation (f=295Hz).

From Figure (23) it is clear that the flame structure is very disturbed when the flame
is under the influence of excitation of the fuel and its interaction with the harmonic

frequency of the Rijke tube.

A-Laminar free jet diffusion flame
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B- Flame inside Rijke tube for all modes at
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i €

declines of chemi enc ion signals RMS

Figure 23: Flame structure of a diffusion flame (burner located at 30 cm above the bottom
end of the cylindrical tube for three modes of the tube).
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This depends primarily on the frequency of both the fuel excitation frequency and
also the excitation of the air surrounding the flame inside the Rijke tube. When the
harmonic frequency of the tube changes, the stability and instability frequencies of the
excitation frequency of the fuel change. It is also noted that the flame shown under
conditions of decays chemiluminescence emission signal indicates that the flame is very
sensitive to its instability, many times causes the flame to completely extinguish under
these conditions of excitation.

CONCLUSIONS

In this paper, flame characteristics in an acoustically excited vertical cylindrical
tube (Rijke tube) with an open upper end and close lower end with a loud-speaker. The
tube is excited at first three harmonic frequencies: 74 Hz, 222 Hz, and 370 Hz. The burner
inside the Rijke tube is fuelled, and its excitation frequency ranges from 30 to 300Hz.
The flame interactions with the excitation of the fuel feeding the diffusion flame have
been experimentally examined to study the instability of the diffusion flame inside
acoustically tube. The results can be concluded as follows:

e At a fuel excitation frequency of 90 Hz, the instability of the flame is
significantly affected of free jet diffusion flame with burner diameter of 0.75mm.

e Increasing the excitation amplitude leads to changes in the flame's appearance
and behaviour, such as colour change and shape transformation.

e The results show that specific excitation frequencies affect the stability of the
flame inside the tube.

e There is a strong interaction observed between the oscillations caused by the
excited fuel and the harmonic frequencies of the Rijke tube.

e The results indicate that certain frequencies of fuel excitation cause decays in
RMS values, indicating unstable flame conditions.

e Acoustic pressure fluctuations (anti-node pressure) at the first harmonic
frequency of the tube strongly influence flame instability.

e This study is crucial for developing flame stability control systems using active
or passive methods of combustion instability control.

The experiment aims to understand how acoustic excitation influences flame
stability inside an acoustically Rijke tube with fuel excitation, highlighting the complex
interactions between acoustic waves and combustion dynamics. These findings have
implications for improving combustion efficiency and stability in various applications.

REFERENCES
[1] Seonghyeon Seo. (2003) “Combustion instability mechanism of a lean
premixed gas turbine combustor” KSME International Journal, Vol. 17 No.
6, pp. 906~ 913.

[2] Tim Lieuwen, Hector Torres, Clifford Johnson, B.T. Zinn, (2001) “A
Mechanism of Combustion Instability in Lean Premixed Gas Turbine
Combustors” Journal of Engineering for Gas Turbines and Power.

[3] G. Campa, S.M. Camporeale, E. Cosatto, G. Mori.(2012), “Thermoacoustic
Analysis of Combustion InstabilityThrough a Distributed Flame Response
Function” Proceedings of ASME Turbo Expo 2012: Power for Land, Sea and
Air ASME 2012 June 11-15, 2012, Copenhagen, Denmark

[4] Rayleigh, Lord. (1878). “The explanation of certain acoustic phenomena,”
Natural, 18: 319-321.

Journal of Engineering Research  (University of Tripoli) Issue (38)  November 2024 87


https://www.researchgate.net/profile/Seonghyeon-Seo?_sg%5B0%5D=hW3sRLU2jXQUbfZ3ZiRYM830rHfW8sFM_dYQuDhMtQd3tv0KOIR_b31C5qyy-zGpuX0YYQk.GY36vRn48FXbfcMh8rlr92fcuT92d9qs1vNlOA5RA0Pl0Z7-vHxdin7o8_eR0aSsJOeql8VW650hZRdzxBsWMg&_sg%5B1%5D=p2v2CKKZRHMv3NFuvYT6Yzajmn9RKjyBkECiExeRA5e6Pn110e84SJJZMi1LPMz0HrjR-5Y.t2sELYtv3SR8J6I7Zyd75VXMRWaFSU_J3H2EgADacX6XGmgvAzKaZEUta0SKc03EE4a3eQVtbX09371RtA2nUg&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/profile/Tim-Lieuwen-2?_sg=SsA5U__xQGqFAr5HO1E4o2funuBDtl5mlWvjJ_MNDtv2qHFg8bDs8HlL3oHLPGTBCHBecQw.EZxVlaQes8QfUPmkCS4TilEz476tYMTFNgVWpTKopKXRtgnhDSXo2QmuKfSVxxv6JBYnpnw_x27OUmKbFKtzlw&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
https://www.researchgate.net/publication/273564279_A_Mechanism_of_Combustion_Instability_in_Lean_Premixed_Gas_Turbine_Combustors?_sg%5B0%5D=IEskYkIpvllcPvC6LjjEuOqcrg6W8fLKwK8ntRQS-ZUdj1ANM-i3X3yScNlO41pxzon3RJBbfYz5OA0.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sg%5B1%5D=4JjgF-hh7kOWbDeWg9SNtL4bDS6aFVkVHiYkjABEawmxn8NJeRoY67uxCtDI0pWlu3WMW_g0sfiRQviItAhxnoA4oUo.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sg%5B2%5D=-8BEuCQabgOi-9ZuIGTUg6B3NZKAmfZ-4jqvZc1eXZ6aOMAPD2GlJ9P7wvQOsdQ8WW79QVy66A0mNYo4Ig.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sgd%5Bsr%5D=1&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
https://www.researchgate.net/publication/273564279_A_Mechanism_of_Combustion_Instability_in_Lean_Premixed_Gas_Turbine_Combustors?_sg%5B0%5D=IEskYkIpvllcPvC6LjjEuOqcrg6W8fLKwK8ntRQS-ZUdj1ANM-i3X3yScNlO41pxzon3RJBbfYz5OA0.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sg%5B1%5D=4JjgF-hh7kOWbDeWg9SNtL4bDS6aFVkVHiYkjABEawmxn8NJeRoY67uxCtDI0pWlu3WMW_g0sfiRQviItAhxnoA4oUo.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sg%5B2%5D=-8BEuCQabgOi-9ZuIGTUg6B3NZKAmfZ-4jqvZc1eXZ6aOMAPD2GlJ9P7wvQOsdQ8WW79QVy66A0mNYo4Ig.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sgd%5Bsr%5D=1&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
https://www.researchgate.net/publication/273564279_A_Mechanism_of_Combustion_Instability_in_Lean_Premixed_Gas_Turbine_Combustors?_sg%5B0%5D=IEskYkIpvllcPvC6LjjEuOqcrg6W8fLKwK8ntRQS-ZUdj1ANM-i3X3yScNlO41pxzon3RJBbfYz5OA0.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sg%5B1%5D=4JjgF-hh7kOWbDeWg9SNtL4bDS6aFVkVHiYkjABEawmxn8NJeRoY67uxCtDI0pWlu3WMW_g0sfiRQviItAhxnoA4oUo.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sg%5B2%5D=-8BEuCQabgOi-9ZuIGTUg6B3NZKAmfZ-4jqvZc1eXZ6aOMAPD2GlJ9P7wvQOsdQ8WW79QVy66A0mNYo4Ig.Nb-9srmn3lCOLfquMaP4dnuJ3V37vXPKPk6p6EnlFqQiUUQJOoOM_5rfefxRp_mV5tbmQ1qlQcBJT6E9qX1Q9A&_sgd%5Bsr%5D=1&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ

[5] Putnam, A. A. and Dennis W. R. (1953). “Study of Burner Oscillation of the
Organ-Pipe Type,” Transaction of the ASME, 75: 15-28.

[6] Putnam, A. A. (1971). “Combustion-Driven Oscillations in Industry,” Elsevier
Publishing Company.

[7] Lieuwen, T., Analysis of acoustic wave interactions with turbulent premixed flames.
Proc, Combust. Inst., 29, 1817(2003).

[8] Camilo F. Silva. (2023). “Intrinsic thermoacoustic instabilities” Energy and
Combustion Science, Science Direct

[9] Xiaoyu Wang and Maria Heckl (2022). “3-D thermo-acoustic instability analysis
based on Green's function approach” Journal of Sound and Vibration, Volume 537.

[10] Dustin L. Cruise, Aman Satija, Galen B. King, (2023). “Thermo-acoustic
Instability Suppression and Heat-Release Forcing of a Laminar Flame Using
lonic Wind” Fluid Dynamics, Cornell university. USA.

[11] Zhijian Yu and Yongging Xu, (2024). “Analysis of Thermo-acoustic
Instabilities Using the Helmholtz Method in a Swirled Premixed Combustor”
Processes, 12, 741

[12] Huimin Guo, “Flame and Acoustic Waves Interactions and Flame Control” Ph. D.
Thesis, (2011) University of Manchester.UK

[13] Yingping Huang, Yong Yant, Gang Lu and Alan Reed, (1999), “On-line flicker
measurement of gaseous flames by image processing and spectral analysis” Meas.
Sci. Technol. (10) pp.726-733. UK

[14] Salem A. Farhat, and Abdul-Hafid El-Majani 92017), “flickering ppropane/air
diffusion flame measurments using light cell and high speed camera image
processing techniques. Journal of Engineering Research (university of Tripoli,
Libya) issue (23), page 39.

Journal of Engineering Research  (University of Tripoli) Issue (38)  November 2024 88


https://www.sciencedirect.com/science/article/pii/S0360128522000727
https://www.sciencedirect.com/journal/progress-in-energy-and-combustion-science
https://www.sciencedirect.com/journal/progress-in-energy-and-combustion-science
https://www.sciencedirect.com/journal/journal-of-sound-and-vibration
https://www.sciencedirect.com/journal/journal-of-sound-and-vibration/vol/537/suppl/C
https://arxiv.org/search/physics?searchtype=author&query=Cruise,+D+L
https://arxiv.org/search/physics?searchtype=author&query=Satija,+A
https://arxiv.org/search/physics?searchtype=author&query=King,+G+B

