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ABSTRACT 

 

 

 

 

Research and development in understanding the responses of acoustic excitation as a 

meant to influence flame behavior have become one of the significant issues in 

combustion instability. This interaction can be found in most processing, power 

generating, and propulsion application. Some of the responses that can be seen from 

the interaction are lift-off phenomenon, changes of flame macroscopic structure, and 

production of emission that contribute to the environment. However, it seems there 

are insufficient data that were focusing mainly on the change of flame properties and 

how it's being affected by the increase of acoustic excitation. The need to publish 

some of the significant results and helps improve the understanding of combustion 

instabilities became the major motivational in conducting the research. This study 

adopted experimental research and understanding the change of flame behavior by 

differentiates two number of speakers (source of acoustic) excited to the flame. For 

data collection, it employs a direct imaging technique using a DSLR camera. The 

data obtained were analyzed using image processing software, Image J. This 

experiment focuses on the change of flame properties based on the number of the 

speaker (source of acoustic) used with the increased number of frequencies. The 

flame shape obtain in this experiment is divided into disturbances and un-disturbance 

categories, and each shape is then thoroughly discussed by focusing on the change of 

its length, width, and angle. The results from this experiment shows that the response 

of flame is significantly affected by the configuration of speakers (sound source) and 

the magnitude of amplitude used. It indicated that for dual speakers and higher 

amplitude in terms of its flame characteristic shows a promising flame response 

compare with a single speaker and lower amplitude 
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ABSTRAK 

 

 

 

 

Penyelidikan dalam memahami tindak balas pengujaan akustik untuk 

mempengaruhi tingkah laku nyala api telah menjadi salah satu masalah penting 

dalam ketidakstabilan pembakaran. Interaksi ini terdapat dalam kebanyakan 

pemprosesan, penjanaan kuasa, dan aplikasi penggerak. Tindak balas yang dapat 

dilihat dari interaksi tersebut adalah fenomena pengangkatan, perubahan struktur 

makroskopik api, dan pengeluaran gas yang menyumbang kepada pencemaran. 

Didapati data yang sedia ada tidak mencukupi terutama pada perubahan sifat nyalaan 

dan bagaimana ia dipengaruhi oleh peningkatan pengujaan akustik. Keperluan untuk 

membantu meningkatkan pemahaman ketidakstabilan pembakaran menjadi motivasi 

utama dalam menjalankan penyelidikan. Kajian ini menggunakan kaedah 

eksperimental dan bagi memahami perubahan tingkah laku nyalaan api dengan 

membezakan dua bilangan pembesar suara (sumber akustik). Bagi tujuan 

pengumpulan data, ia menggunakan teknik pengambaraan langsung menggunakan 

kamera DSLR. Data yang diperoleh, dianalisis menggunakan perisian pemprosesan 

gambar, Image J. Eksperimen ini tertumpu pada perubahan sifat nyalaan berdasarkan 

jumlah pembesar suara (sumber akustik) yang digunakan dengan peningkatan jumlah 

frekuensi. Bentuk api yang diperoleh dalam eksperimen ini dibahagikan kepada 

kategori gangguan dan tidak terganggu, dan setiap bentuk kemudian dibincangkan 

secara menyeluruh dengan memfokuskan pada perubahan panjang, lebar, dan sudut. 

Hasil dari eksperimen ini menunjukkan bahawa tindak balas nyalaan sangat 

dipengaruhi oleh konfigurasi pembesar suara (sumber bunyi) dan besarnya amplitud 

yang digunakan. Ini menunjukkan bahawa untuk pembesar suara ganda dan amplitud 

yang lebih tinggi dari segi ciri nyalaannya menunjukkan tindak balas nyalaan yang 

menjanjikan dibandingkan dengan pembesar suara tunggal dan amplitud yang lebih 

rendah 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



vii 
 

 

 
TABLE OF CONTENTS 

 

 

 

 

  TITLE  i 

  DECLARATION  ii 

  DEDICATION  iii 

  ACKNOWLEDGEMENT  iv 

  ABSTRACT  v 

  ABSTRAK  vi 

  TABLE OF CONTENTS  vii 

  LIST OF FIGURES  x 

  LIST OF SYMBOLS AND ABBREVIATIONS  xiii 

  LIST OF APPENDICES  xv 

      

CHAPTER 1 INTRODUCTION  1 

 1.1 Introduction  1 

 1.2 Problem statement  2 

 1.3 Research objectives  3 

 1.4 Scopes of studies  4 

CHAPTER 2 LITERATURE REVIEW  5 

 2.1 Introduction  5 

 2.2 Combustion  5 

  2.2.1  Combustion instability  6 

  2.2.2  Interaction between acoustic and flame in  
combustion system 

 8 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



viii 
 

 2.3 Acoustic in combustion system  9 

  2.3.1  Types of oscillations waves  11 

  2.3.2  Formation of vortices  12 

 2.4 Flame visualization  13 

  2.4.1  Laser diagnostic measurement  13 

  2.4.2  Direct visualization techniques  15 

 2.5 Flame structure and flame shape  15 

  2.5.1  Flame shape mode variation  17 

 2.6 Flame length and liftoff height  19 

  2.6.1  Correlation between flame length and liftoff 
height 

 20 

 2.7 Flame width and flame speed  21 

  2.7.1  Correlation between flame width and flame speed  22 

 2.8 Flame angle and flame transfer function (FTF)  23 

 2.9 Acoustic excitation application  24 

  2.9.1  NOx reduction  25 

  2.9.2  Soot formation  26 

CHAPTER 3 METHODOLOGY  27 

 3.1 Introduction  27 

 3.2 Layout of the experiment diagram  28 

 3.3 Selection of fuel  29 

 3.4 Burner frame  30 

 3.5 Acoustic excitation system  32 

 3.6 Data acquisition  34 

 3.7 Experiment procedure  35 

  3.7.1  Sound characteristic experiment  35 

  3.7.2  Flame characteristic experiment  36 

  3.7.3  Analyzing flame dimensions responses  37 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



ix 
 

      

CHAPTER 4 RESULTS AND DISCUSSION  40 

 4.1 Introduction  40 

 4.2 Effect of acoustic excitation toward flame 
characteristics 

 40 

  4.2.1  Flame macroscopic structures – flame shapes  
modes variation 

 41 

 4.3 Flame length  54 

  4.3.1  Flame length for single speaker   58 

  4.3.2  Flame length for dual speaker   58 

  4.3.3  Comparison between single speaker and dual 
speakers 

 59 

 4.4 Flame width  59 

  4.4.1  Flame width for single speaker   60 

  4.4.2  Flame width for dual speaker   59 

  4.4.3  Comparison between single speaker and dual 
speakers 

 61 

 4.5 Liftoff height  63 

  4.5.1  Liftoff height for single speaker   63 

  4.5.2  Liftoff height for dual speaker   64 

  4.5.3  Comparison between single speaker and dual 
speakers 

 65 

 4.6 Flame angle  67 

  4.6.1  Comparison between single speaker and dual 
speakers 

 67 

CHAPTER 5 CONCLUSION AND RECOMMENDATIONS  68 

 5.1 Conclusion  68 

 5.2 Recommendations  70 

  REFERENCES  72 

  APPENDIX  82 

  

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



x 
 

 

 

LIST OF FIGURES 
 

 

 

 

2.1 ….. Possible occurrences of CI in combustion system turbojets, ramjets 
and boiler 

…... 6 

2.2  Interaction between combustion, acoustic and vibration  8 

2.3  Differences between longitudinal and transverse waves   11 

2.4  Formation of vortex in a combustion system  12 

2.5  (a) Thermocouple experiment design configuration and (b) Rayleigh 
scattering thermometry configuration 

 14 

2.6  Interaction of flame with increase of acoustic  16 

2.7  Flame shape based on excitation level of voltage  17 

2.8  Formation of Y- Flame Shape, (1) without acoustic excitation and (2) 

with acoustic excitation  

 18 

2.9  Represent the phenomena of liftoff flame, (1) flame attached with 

nozzle point, (2) flame started to lifted when critical velocity exceed  

 19 

2.10  Relationship between flame height and liftoff height based on 

concentration percentages 

 20 

2.11  Flame width configurations  21 

2.12  Describe the relationship between flame width and flame speed for a 

laminar flame 

 22 

2.13  Sketch of axisymmetric configuration for a laminar flame  23 

2.14  Coupling mechanism in a combustion system breakdown because of 

uncontrolled vibration  

 24 

3.1  Layout for of the test rig  29 

3.2  Picture of the burner frame of the test rig  31 

3.3  Schematic diagram for acoustic excitation system.  32 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xi 
 

 

3.4  Sound characteristic experimental procedure and test rig.  36 

3.5  Flame characteristic experimental procedure and test rig  37 

3.6  Image analyze process (a) original Image (b) 8-bit grayscale image  

(c) threshold level image (d) enlarge image used for measurements 

 38 

4.1  Graph of flame shape mode variation versus frequency based on the 

responses of flame toward acoustic excitation for both speakers 

 42 

4.2  Flame mode shape variation based on the responses of flame toward 

acoustic excitation 

 43 

4.3  Unforced flame shapes, dynamic of flamelets  44 

4.4  Flame shapes responds with the increase of flow rate  45 

4.5  Fat flame shape formations at N(1)  46 

4.6  Graph indicated the inverse proportional relationship between length 

and width 

 46 

4.7  Dynamic schematic of fat flame shape  47 

4.8  In burning flame shape formations at N(2)  48 

4.9  Dynamic schematic of in burning flame shape  49 

4.10  Elongated flame shape formations at N(2)  50 

4.11  Dynamic schematic of elongated flame shape  51 

4.12  Y/V Flame Shape Formations at N(2)  52 

4.13  Dynamic schematic of Y/V flame shape  52 

4.14  Graph of length versus acoustic excitation for N(1)  53 

4.15  Ratio of flame length for N(1)  54 

4.16  Graph of length versus acoustic excitation for N(2)  55 

4.17  Ratio of flame length for N(2)  56 

4.18  Flame length comparisons for N(1) and N(2)  57 

4.19  Graph of width versus acoustic excitation for N(1)  59 

4.20  Ratio of flame width for N(1)  60 

4.21  Graph of width versus acoustic excitation for N(2)  61 

4.22  Ratio of flame width for N(2)  61 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xii 
 

 

4.23  Flame width comparisons for N(1) and N(2)  62 

4.24  Liftoff height for N(1)  63 

4.25  Liftoff height for N(2)  64 

4.26  Liftoff height comparisons for N(1) and N(2)  65 

4.27  Flame angle comparisons for N(1) and N(2)  66 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xiii 
 

 

 

 

LIST OF SYMBOLS AND ABBREVIATIONS 
 

 

 

 

CCD - 
PAGE Charge-couple device PAGE 

PAGE 

CI - Combustion instability   

DSLR - A digital single-lens reflex camera   

f  Frequency   

FFT - Fast fourier transform   

FTF - Flame transfer function   

GHG - Greenhouse gases   

ISO - International organization for standardization   

k - Upstream of a travelling acoustic wave strength   

Ki - Wave number   

l - Downstream of a travelling acoustic wave strength   

L - Length   

Li - Damping process   

LoH - Liftoff height   

LPG  Liquefied petroleum gas   

LPM - Litre per minute   

LRS - Laser – induced rayleigh scattering   

n - Mode number   

N(1) - Single speaker   

N(2) - Dual speakers   

P` - Acoustic pressure disturbance   

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xiv 
 

 

p` - Pressure fluctuation   

𝑸` - Heat release fluctuation   

𝑻𝒔 - Period of fluctuation   

𝐓𝐓𝐋 - Transistor – transistor logic   

u - Mean axial flow velocity   

V - Volume being considered   

X - Spatial coordinate / axial coordinate   

𝒑𝒊 - Partial pressure for an individual gas component of the 
mixture 

  

𝒙𝒊	 - Mole fraction of any individual gas component of the 
mixture 

  

Øi0 - Spatial mode shape   

𝜳𝒊 - Summation of multiple normal modes   

n - Mode number   

𝜼𝒊	(𝒕) - Time – varying amplitude   

𝜼𝒕 - Total mode number   

 

 

  PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



xv 
 

 

 

 

LIST OF APPENDICES 

 

 

 

 

APPENDIX TITLE PAGE 

A Flame behaviour during acoustic excitation 82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



 

 

 

CHAPTER 1 

 

 

 

 

INTRODUCTION 
 

 

 

 

1.1 Introduction 

 

Energy efficiency for combustion defined as the ratio of heat released by the fuel to 

the heat input. Its efficiency affected by fuel type, bed temperature, gas velocity, 

excess air levels, and the combustor system itself (Miller, 2017). The occurrence of 

combustion instabilities has been a plaguing problem in the development of 

combustor. Many problems arise in a combustion system that affects combustion 

instability. A study on combustion instability is essential due to under certain 

circumstances, and it can become extremely detrimental that will eventually affect 

the combustion system process (Khalid et al., 2014). 

 

Some many sources and conditions affect the stability of a combustion 

system, and the instability can come from either acoustic, heat release, coupling 

mechanism, mixing chamber and injector. For acoustic, the issues related to the 

interaction between acoustic and flames. Those two interactions have an essential 

role in influencing the behavior of combustion systems. Interaction between both 

raises instabilities, for instance. The unsteady heat release that produced from the 

disturbances increases energy to the acoustic field when both fields are in phases. It 

will lead to enhance of vibration that eventually affected the whole combustion 

process.     
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In combustion systems such as jet propulsion engines and ramjets, the system 

needs to maintain a constant combustion process, which in this case, the gas streams 

flow at speeds that exceed the average burning velocity. This process can only be 

achieved by making sure the flame stabilized. Flame stabilization corresponds to the 

change in flame properties. Generally, flame stabilization contains the fundamental 

aspects of flame properties that involved important features from local stabilization, 

flame propagation or movements, extinction, and re-ignition. Flame stabilization is 

essential during the early stage for designing any combustion system. 

 

Not all interaction between acoustic and flame is terrible for the combustion 

process. Based on the research done, by utilizing these effects, there are possibilities 

to improve the combustion system. Some of the advantages on utilizing the effect of 

acoustic are increase phenomena in high-load combustion, soot suppression, NOx 

reduction (Chao et al., 1996), and noise control. 

 

 Present combustion was designed with an "ability" to control flame 

stabilization without losing its efficiency and bring loss to the environment (a 

byproduct of combustion that endangers the environment). Such "ability" can either 

be improving the design of bluff body (Noor et al.,2013; Hosseini et al.,2014), 

altering mixing process (Croiset et al.,2000; Akansu et al.,2004) and manipulate the 

formation of flame (Correa et al.,1993; Lignell et al.,2007). The term manipulation, 

defined as the ability to control the flame properties by exerting external force to the 

flame. The importance of manipulating the flame properties using an external force 

to maintain flame stability has been researched intensively, (Chao et al.,1992) by 

manipulating acoustic excitation, hysteresis phenomenon can be controlled so that 

flame stabilization can be achieved. 

 

1.2 Problem statement  

 

Based on the current research, flame properties and the condition of the combustion 

process varied with each response of any external perturbation. The effect of external 

perturbation to the flame during the combustion process can either be an extinction 

of the flame, changes in the boundary condition (Ji et al.,2014) and change of flame 

shape (Preetham et al.,2008). Most of the research done, demonstrate that the change 
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of flame response is linear with the increase of forcing amplitude and the condition 

of the flame become constant and eventually  extinguished. Then in the later phase of 

the research done, using more sophisticated visualization techniques such as PIV. It 

was found that during the perturbation process, flame properties were not actually in 

a constant state. During acoustic perturbation with higher number of frequency and 

larger amplitude, the perturbation promotes the formation of vortices that provide 

leverage in terms of mixing and eventually lead to flame stabilization. 

 

 Currently there has been a great amount of research done to determine the 

responses of flame through the various condition of acoustic perturbation. However 

there is little work on how the source of acoustic influenced the flame properties. The 

present work introduces method of recording the change of flame using the 

visualization technique. This method was undertaken to ensure the recorded image 

can be used as a meant to investigate the corresponding change on the flame that 

happens from a microscopic point of view. The image analyzing software used in 

this research can be used to retrace the flame boundary that later on is used to record 

the flame properties and its response with the corresponding excitation. Eventually, 

understanding the response of excitation to flame responses will lead to the 

improvement of flame stability eventually. 

 

1.3 Research objectives 

 

The outcome of this work is to publish some of the significant results in 

understanding combustion instability, particularly onto the flame response toward 

acoustic excitation. This work is an extension of previous research in investigating 

the response of flame toward acoustic excitation. Previous experimental data provide 

limited insight into the flame response, particularly the flame characteristic. In order 

to understand in depth this particular discipline, it is first necessary to understand the 

designs and operating conditions. The specific objectives of this particular work are, 

therefore: 

 

i. to propose an experimental design for investigating the response of flame 

toward acoustic excitation; 
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ii. to characterize and understand the formation of flame structure based on the 

response of acoustic excitation; 

 

iii. to determine the changes of flame characteristic based on the response of 

acoustic varying with the configuration of speakers (sound sources) and 

differences in the magnitude of volume/amplitude; and 

 

iv. to establish relationships between acoustic frequency and the change of 

flame. 

 

1.4 Scopes of studies 

 

This study is  focus onto liquefied petroleum gas (LPG) as the main source of fuel. 

The assessment is by analysing multiple flame images resulting from the interaction 

between acoustic and flame using image analysis software. These resulting images 

are based on the indication that the size of nozzle used is 2.5mm in diameter and the 

type of nozzle use is single jet type nozzle, the value of flow rate is set to 5Lpm and 

pressure 20psi/138kPa, the values of frequencies vary from 0 to 2000Hz, the volume 

and amplitude is set to 1 and 4 and the type of wave used is a transverse wave. The 

independent variables will be on the number of speakers and the magnitude of 

volume. 
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CHAPTER 2 	
 

 

 

 

LITERATURE REVIEW 

 

 

 

2.1 Introduction 

 

This chapter presents some of the research that has been done to increase and 

somehow maximize the understanding concerning the flame response toward 

acoustic excitation. Combustion instability (CI) development has been emphasizing 

to become a crucial key that helps in designing an ideal combustion system. One of 

the branches in CI is regarding the interaction of acoustic towards a combustion 

system. From that branch of knowledge, this chapter starts to lemmatizing only on to 

particular discipline that will help as an addition to proving results gathered from the 

experiment. 

 

2.2 Combustion  

 

Based on the recent development, combustion remained and will continue to play an 

essential role in the power industry. Although the use of renewable energy, such as 

solar energy, wind energy, and hydro energy, has been used in recent years, its low 

output and seasonal intermittency have prevented its more comprehensive 

application. This suggests that the use of combustion may not be entirely replaced by 

other power generation techniques in the foreseeable future. Emission from the 

combustion process contains air pollutants of greenhouse gaseous (GHG) such as 

nitrogen oxides (NOx), carbon monoxide (CO) and unburnt particle. This emission 
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leads to a negative impact on the environment (global warming, acid rain, and haze), 

and hazardous to human health. The need for development and research for an 

efficient combustor has baffled researchers throughout the years (Khalid et al., 

2017). A common problem when developing a combustor is a phenomenon called 

combustion instability (CI). 

 

2.2.1 Combustion instability 

Combustion instability (CI) is one of the branches of knowledge in combustion that 

concern onto improvement of a combustor. The initial recorded statement on CI is in 

the late 1930s regarding the research and development of solid-liquid propellant 

rocket engines. Although work on CI in liquid rocket began in the early 1940s, nor 

significant progress was made until after World War II with the development of 

intercontinental ballistic missiles (ICBMs). During that particular time, the research 

focus on the elimination of high-frequency resonant discoveries in small tactical 

solid rocket motor (Culick & Yang, 1995). The treatment used is a form of passive 

control, installation of baffles, resonance rods, or some other modification of 

geometry. The research has until then been under continuous study during all of that 

period. 

 
Figure 2.1 Possible occurrences of CI in combustion system (a)  turbojets  

(b) boiler and (c) ramjets  
(Khalid et al., 2014; Ramli et al., 2017) 

 

In general, CI can be found in all combustion devices such as turbojets 

(combustor and augmenters), ramjets, scramjets, boiler and it mainly occurs inside a 

combustion chamber during firing (Khalid et al., 2014; Ramli et al., 2017). CI is 

undesirable because it degrades the system performances without proper 

countermeasure; it will lead to loss of control and possible destruction of the devices. 

(a) (b) (c) 
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Lord Rayleigh developed a first simplified general equation that describes CI in 

1878. Rayleigh criterion state that CI in the combustion chamber occurs if heat is 

transferred to or from an acoustic disturbance at the appropriate time, meaning that 

heat should be transferred in phase with the local pressure disturbance. This Rayleigh 

criterion has been experimentally verified by Putnam and Dennis (Putnam, 1953). He 

mathematically defined the Rayleigh Criterion as: 

 

∫𝑃`	𝑄`	𝑑𝑡		 > 	0  (2.1) 

 

where 𝑃`	is the acoustic pressure disturbance and 𝑄`	 is the heat release fluctuation. 

Equation 2.1 then be extended by (Zinn, 1992), to anticipate the growth of acoustic 

disturbance by placing acoustic damping and other dissipative force. 

 

∫ ∫ 𝑃`(𝑥, 𝑡)	𝑄`	(𝑥, 𝑡)	𝑑𝑡𝑑𝑣		!"# ≥ ∫ ∫ 	∑ 𝐿𝑖 	(𝑥, 𝑡)	𝑑𝑡𝑑𝑣		!"#  (2.2) 

 

where 𝑉 is denoted as the volume being considered, 𝑇𝑠 is the period of fluctuation, 𝑥 

is the spatial coordinate, and 𝐿𝑖 is the damping process acting to dissipate energy 

from the instability. This Rayleigh criterion has been used as a basic outline to know 

to help identify the fluctuation that contributes to CI in combustion systems.  
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2.2.2 Interaction between acoustic and flame in a combustion system 

Interaction between combustion, acoustics, and vibration in a combustion system can 

be defined as a diagram in Figure 2.2. 

 
Figure 2.2 Interaction between combustion, acoustic,  

and vibration (Hu et al., 2016) 
 

Generally, for an ideal interaction in a combustion system (Hu et al., 2016), it 

first started with the formation of temperature field (1) that generate from a flame. 

The temperature field strongly influence the static acoustic of the system. Then with 

the increasing amount of fuel used, the flame transition from laminar to turbulent. 

The turbulent flame is the condition when the speed constantly changes around the 

mean volume. These changes generate an acoustic field in the combustion system 

(combustion roar) (2), which then creates perturbation fuel and airflow of the flame 

(promote mixture). The mixture due to differences in volume generates perturbation 

in the speed of combustion (3). The acoustic field acts as a pressure load (4) on the 

structure (vibration occur); this vibration imposes a boundary velocity (5) on to the 

acoustic domain, which then generates the acoustic field. This interaction will stay 

on its loop in a stable condition due to no energy source involved. 

 

This interaction can be classified into two categories, direct interaction, and 

indirect interaction. Both categories can be differentiated by the position or the 

direction of the wave contact (Khalid et al., 2012; Ramli et al., 2017; Sapit et al., 

2019).  For direct interaction, it occurs in the flame zone where the incident scatters 

the flame zone and causes it to amplify due to the steep gradients in a gas property at 
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the flame front. Further information about the effect of this direct interaction has 

been discussed for both premixed and diffusion flames. The indirect interaction, on 

the other hand, occurred in the flow field, regardless of the flame characteristics. It 

has been discovered that the acoustic forcing on a non-reacting jet or flow induces 

velocity fluctuations, sinuous oscillations (Poinsot et al., 1989; Moeck et al., 2012), 

or steady streaming (Fischbach et al., 2007; Figura et al., 2012) has a major effect on 

the change of behavior of jet flames under acoustic perturbation.  

 

CI is a complicated discipline because the sources of instability can vary both 

physical and chemical interaction. Previously, the interaction is categorized by the 

position of sources. It was found that the types of oscillation also have a significant 

impact on a combustion system. In a combustion system, there are two types of 

oscillations – forced oscillations and self – excited oscillations. Forced oscillations 

occur when there involved outside force acting upon the system. Forced oscillation 

can be eliminated by installing a damper system. For self-excited oscillation, it 

occurs when a system experience CI. It occurs when a gas motion flows into the 

system, which helps amplify the oscillation (from coupling mechanism), the gas 

dynamic store from the motion reinforces the acoustic wave. 

 

2.3 Acoustic in combustion system 

 

There are several modeling approaches have been developed to understand and 

associate acoustic with combustion instability. According to the Galerkin Method 

(Zinn, 1992; Lores, 1971), the model expansion for fluctuating variable in the time 

domain described as: 

 

𝑝`	(𝑥, 𝑡) 	= 	𝑝	 ∑ 𝛹𝚤	(𝑥)	𝜂𝚤	(𝑡)$%
&	(	)

:   (2.3) 

 

where 𝑝`	 as pressure fluctuation in a combustion chamber and be approximated as a 

summation of multiple normal modes, 𝛹𝑖	(𝑥)each with time-varying amplitude of  

𝜂𝑖	(𝑡) with the time-averaged quantities, 𝑥 as the axial coordinate, and  𝑛𝑡 the total 

mode number. The mode function 𝛹𝑖	(𝑥) relies on the spatial location and can be 

written as: 
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𝛹𝑖	(𝑥) 		= 	 sin(𝑘𝑖𝑥	 + 	Ø𝑖)	  (2.4) 

 

𝑘𝑖 and Ø𝑖 are the wavenumbers and spatial mode shape determined by the boundary 

conditions. This approach is based on continuous spatial approximations that are 

suitable for combustion systems with primarily distributed reaction zones. The 

layback with the Galerkin method is that it needs a large number of modes to capture 

the velocity discontinuity across the flame accurately. 

 

Another modeling approach used to understand the interaction is a "wave-

based" method proposed by Stow. This method is for a non–accelerating mean flow 

within a duct of uniform cross-section; this model assumed that the flame is 

controlled by the convected wave equation as described below: 

 
)
*!
	+

!,`
+%!

	− 	∆.𝑝`	 = 	0  (2.5) 

 

𝑐. the speed of sound. For lower frequencies, equation 2.3 is the plane acoustic 

wave, one traveling downstream and one upstream, each with separate strengths. The 

pressure fluctuation (𝑝`) in the duct than expand to:  

 

𝑝`	(𝑥, 𝑡) 	= 	𝑘	(	𝑡	 − 	 /
*	0	1

	) 	+ 	𝑙	(	𝑡	 + 	 /
*	2	1

		)  (2.6) 

 

with 𝑘 and 𝑙 is the upstream and downstream of a traveling acoustic wave strength, 

and 𝑢 is the mean axial flow velocity. Equation 2.6 can be expressed in the frequency 

domain. This approach can be applied to the combustion chamber with realistic 

geometries. However, the model state here shown that to understand CI  is to 

recognize that all systems undergoing instability display standard physical features, 

and that is a system dynamics problem involving the interaction of dozens of 

physical mechanisms.  
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