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ABSTRACT 

 

 

Although numerous studies have been conducted to solve the combustion instability, 

which is one of the biggest obstacles in the design process of propulsion engines and low 

NOx gas turbine combustors, a general solution for combustion instability has not been 

proposed. Previous studies have used equivalence ratio or oxidizer-to-fuel (O/F) ratios to 

determine the combustion characteristics, however, even with the constant O/F ratios, 

different flame shapes have been formed, resulting in different combustion characteristics. 

Therefore, the flame shape should also be considered in evaluating combustion instability. 

Furthermore, only a low and narrow range of modulation frequencies has been used to 

measure the flame transfer function (FTF) in previous research although the combustion 

instability occurs mainly in the high-frequency region. Therefore, a direct comparison 

between combustion instability and FTF was hard to be performed. Moreover, there are 

fewer studies on combustion instability characteristics of non-premixed methane-oxygen 

flames, used in launch vehicles, compared to those of premixed flames used in gas turbines. 

However, the combustion instability of non-premixed flame must be completely resolved 

in advance because the launch vehicles are hard to be stopped and improved after the 

launch. 

This paper explores the combustion instability characteristic of a recessed coaxial 

injector using methane, which has recently been spotlighted as an eco-friendly fuel for 

reusable launch vehicles. Also, the flame shapes and reason of combustion instability mode 

shifting phenomenon are investigated. Furthermore, a study on FTF is conducted to predict 

combustion instability, which is the final goal of the combustion instability research. 

Before investigating the combustion instability characteristics, the flame shapes are 

explored with varying O/F ratios and external acoustic modulation to understand the 

bistable flame characteristics. As a result, attached and detached flames occur, and 

detached flames exhibit stronger pressure and heat release rate perturbations, compared to 

attached flames. The bifurcation diagrams of the bistable flames, based on flame shapes, 
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are generated by varying the O/F ratio and acoustic modulation strength under oxygen flow. 

These show that while an attached flame can not be lifted off from the injector rim by 

varying the velocity difference between oxygen and methane, it can be lifted off by high-

strength acoustic forces. Conversely, a detached flame can be attached to the injector rim 

by increasing the velocity difference between oxygen and methane or with moderate 

acoustic modulation. Therefore, the velocity difference between oxygen and methane and 

the external modulation are primarily responsible for determining the flame shape. A large 

velocity difference causes the strong mixing between the oxygen and methane, which 

results in pulling the flame toward the injector, and finally causing the transition from 

detached to attached flames. However, the strong acoustic perturbation can interrupt the 

chemical reaction and cause local extinction, thus causing a transition from the attached to 

detached flames. The transitions between flame shapes are analyzed using the flame shape 

and pressure data. The continuous wavelet transform is applied to determine the frequency 

characteristics during the transitions. 

Then, combustion experiments are conducted using a plug nozzle that is confirmed to 

form a closed acoustic boundary at the downstream end of the combustor through acoustic 

perturbation experiments. A mode analysis is performed for instability frequency occurring 

at various O/F ratios. The instabilities are observed in the 1st, 3rd, and 4th harmonic modes 

of the longitudinal fundamental resonant frequency of the combustor. For intensive 

research into the instability, the total delay time is measured under each O/F ratio. As a 

result, instability mode shifts to lower mode as increasing the total delay time. Based on 

the Rayleigh criterion, the reason for the instability mode shift phenomenon is that the 

acoustics mode, where the constructive interference between the pressure and heat release 

rate perturbations inside the combustor occurs, is shifted to the lower mode. 

As increasing the combustor length at a fixed O/F ratio, the instability frequency 

gradually decreases to match the resonant frequency of the combustor and then transitions 

to the higher mode. This is because varying the combustor length results in a transition of 

acoustic modes where the constructive interference between the pressure and heat release 

rate perturbations occurs according to the Rayleigh criterion.  

Furthermore, at each O/F ratio, the combustion instability frequency is defined as a 



 

 

iii 

frequency where the strongest pressure perturbation occurs as varying the combustor 

length. As a result, the combustion instability frequency decreases as increasing the total 

delay time. According to the time-lag analysis, when the product of total delay time and 

instability frequency satisfies particular conditions (n − 0.5, n: positive integer), the 

combustion instability theoretically occurs owing to the constructive interference between 

the pressure and heat release rate perturbations. In this study, the strength of pressure 

perturbations is greatly amplified when the product of measured total delay time and 

instability frequency coincides with a theoretical value of 0.5. 

Finally, a study is conducted on the FTF which can be used to predict the combustion 

instability by understanding the flame characteristics. First, as a result of measuring the 

FTF of bistable flames, the FTF gain for the detached flame has a larger value than that for 

the attached flame. Since the FTF gain represents the heat release rate perturbations due to 

the constant external perturbation, FTF results can indicate that the detached flame is more 

sensitive to external disturbances. Furthermore, the FTF is measured at each O/F ratio, and 

the peak frequency of FTF gain almost coincides with the combustion instability frequency. 

The peak frequency of the FTF gain indicates the inherent instability frequency of the 

flame, which means that the strongest heat release rate perturbations occur at that 

frequency. If the resonant frequency of the combustor coincides with the inherent 

instability frequency, positive feedback, amplifying the flame oscillation, occurs due to the 

resonance of that frequency perturbation, which results in the combustion instability. 

Therefore, the peak frequencies of the FTF gain and the combustion instability frequencies 

well match. In addition, as a result of performing the combustion instability prediction 

using the measured FTFs and the flame shapes, the instability mode shifting phenomenon 

and the frequency of combustion instability are reasonably predicted compared to the 

experimental results. The collective understanding of flame shapes and combustion 

instability of non-premixed flames, formed in a recessed coaxial injector, is advanced 

based on the experimental approach. Furthermore, the instability prediction is also made 

using measured FTFs and flame shapes. Therefore, these results will serve as a reference 

for future studies on improving the combustion stability using non-premixed flames and 

on understanding the shapes and characteristics of non-premixed flames. 
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CHAPTER 1 

INTRODUCTION 

Figures 1.1(a) and 1.1(b) show the known causes of worldwide launch vehicle failures 

from 1957 to May 2007 and from 1980 to May 2007, respectively, researched by the 

Federal Aviation Administration (FAA) in the United States of America [1]. As shown in 

Fig. 1.1(a), the propulsion problem accounts for the highest percentage of all the reasons 

for launch failure, and also the highest percentage in Fig. 1.1(b), which indicates the causes 

of the latest launch failure. The most representative problem in the propulsion stage is 

combustion instability. Therefore, it is very important to understand the characteristics of 

combustion instability for successful launches. 

 

 

Fig. 1.1 Causes of launch vehicle failures worldwide (a) from 1957 to May 2007 and (b) 

from 1980 to May 2007 [1]. 

 

Figure 1.2 shows a chronology of combustion instabilities since the combustion 

instabilities were discovered in solid- and liquid-propellant rocket engines in the late 1930s 

[2]. The collective understanding of combustion instability mechanisms has been identified 

from many studies on coupling between fuel feed line/acoustic [3, 4], equivalence ratio 

oscillations [5], oscillatory atomization, vaporization and mixing [3, 4], oscillatory flame-
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area variation [6], and vortex shedding [7, 8]. Furthermore, many studies [9, 10] base on 

various analytic methods such as time-lag analysis [11] have improved the understanding 

of combustion instability mechanism. The time-lag analysis describes the mechanism of 

combustion instability through the delay time between pressure perturbations (𝑝′) and heat 

release rate perturbations (𝑞′). In addition, high repetition measurement techniques, such 

as planar laser-induced fluorescence (PLIF) and particle image velocimetry (PIV), have 

improved the understanding of the dynamic characteristics of flames and flows. 

 

 

Fig. 1.2 Chronology of combustion instabilities [12]. 

 

Although numerous studies on combustion instability have been conducted, research 

on combustion instability of non-premixed flames has not been conducted sufficiently 

compared to that of premixed flames [13]. In the propulsion systems, the oxidizer and fuel 

flow separately into the combustion chamber. Therefore, to understand the combustion 

instability occurring in the launch vehicles, the characteristics of combustion instability for 

non-premixed flames should be identified. 

Table 1.1 shows the advantages and disadvantages of typically used injector types for 

non-premixed flames. The impinging injectors, which are used for huge thrust chambers 

such as F-1, have a simple operating mechanism [14, 15] and are easy to be fabricated [14]. 

However, the simplicity of impinging injectors is plagued with its inherent susceptibility to 
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combustion instability [16]. The pintle injectors, which have recently been in the spotlight, 

are thrust-controllable [17, 18] and have high combustion efficiency [17]. However, the 

pintle injector has a complex structure and the tip of the pintle rod is very vulnerable to the 

high temperature due to the protrusion [19]. In addition, owing to the flame structure, the 

pintle injector has wall compatibility problems [15]. The coaxial injectors, which have been 

used in numerous launch vehicles so far, are reliable, have a low-pressure drop, and apply 

low heat loads to the wall of the combustion chamber [15]. However, the coaxial injector 

is difficult to manufacture when the annulus gap is designed very thin [15]. Also, the flame 

might become unstable during the throttling [15]. The purpose of this study is to identify 

the characteristics of combustion instability caused by the coaxial injectors mainly used in 

launch vehicles. 

 

Table 1.1 Characteristics for typical types of rocket engine injector elements. 

Type Advantages Disadvantages Application 

Impinging 

· Simple operating mechanism 

[14, 15] 

· Easy fabrication [14] 

· Inherent susceptibility to  

combustion instability [16] 

· Huge thrust  

chamber 

(e.g. F-1) [14] 

Pintle 

· Great throttling [17, 18] 

· High combustion efficiency 

[17] 

· Wall compatibility problems [15] 

· Complex structure [19] 

· Thermal vulnerability of the  

protruded pintle tip [19] 

· LEM decent  

engine [15] 

Coaxial 

· Good wall compatibility [15] 

· Low-pressure drop [15] 

· Proven dependability [15] 

· Difficult to fabricate if annulus 

gap is very small [15] 

· Tends to become unstable when 

throttled [15] 

· Saturn II and 

IV B, J-2 [15] 

· SSME [15] 

 

In a typical rocket engine shown in Fig. 1.3, the oxidizer and fuel flow into the 

combustion chamber separately, thus, it is very important to determine the characteristics 

of non-premixed flames. Furthermore, the main issues to be considered in the development 

of the recent rocket engines are eco-friendly, reusable, and combustion stability. To achieve 

these considerations, proper fuel should be selected. Methane is considered an eco-friendly 

fuel due to fewer pollutions since methane has the smallest amount of carbon per mole than 
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that of other hydrocarbon-based fuels. Although methane has a lower specific thrust than 

hydrogen, but is easy to produce, and has a higher specific thrust than other hydrocarbon-

based fuels such as RP-1. In addition, since the coking limit of methane is 950 K, which is 

higher than that of RP-1, which is 560 K, less soot is generated [20], implying that the 

launch vehicles are easy to reuse. Furthermore, according to the previous studies [21-25], 

stabilizing effects of a recessed injector have been reported and the recessed region has 

been assumed as a small combustion chamber that is insensitive to combustion disturbances 

in the main chamber. 

 

 

Fig. 1.3 Schematic of a typical rocket engine. 

 

Typical large space launch vehicles use a staged combustion cycle that achieves 

improved performance by driving one turbine using an oxidizer- or fuel-rich propellant to 

drive each turbo pump and effectively deliver the propellant into the combustion chamber 

[26]. However, studies on a full-flow staged combustion cycle, in which two turbo pumps 

are driven by the oxidizer- and fuel-rich preburners, have been conducted in recent years 

[27, 28]. The full-flow staged combustion cycle has the advantage of extending the life of 

the engine and improving its reliability by separately driving the fuel and the oxidizer turbo 

pumps. In the full-flow staged combustion cycle, all the fuel and oxidizer flow through the 

preburner, and then the turbines are driven, such that all the propellant flowing into the 
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main combustor becomes gaseous [29]. The full flow staged combustion cycle is applied 

to the Raptor which is a reusable methane-fueled rocket engine manufactured by SpaceX. 

The combustion instability frequency/mode shifting phenomenon, which is one of the 

characteristics of combustion instability, is a phenomenon in which the frequency or mode 

of combustion instability suddenly transitions to the other frequency or mode 

discontinuously as varying particular parameters. Balachandran et al. [30] reported that the 

instability frequency was shifted with varying the air flow rates in a laboratory-scale 

combustor for a maximum rating of 30 kW. Furthermore, Yoon et al. [31] found that the 

convection delay time (𝜏𝑐𝑜𝑛𝑣𝑒𝑐𝑡) of a partially premixed model combustor was the key 

parameter of the combustion instability frequency/mode shifting phenomenon. 

Therefore, as shown in Fig. 1.4, this study is conducted to investigate the combustion 

instability characteristics of non-premixed flame using gaseous oxygen and gaseous 

methane in a recessed coaxial injector, especially the combustion instability 

mode/frequency shifting phenomenon. 

 

 

Fig. 1.4 Objectives of this study to understand the combustion instability of non-premixed 

flames formed by a recessed coaxial injector. 

 

The method for exploring the combustion instability can be classified into three 

categories: 1) analytic method [32-34], 2) numerical simulation (computational fluid 

dynamics (CFD) using Reynolds-averaged Navier-Stokes (RANS) [35, 36] or large eddy 

simulation (LES) [37-40]), and 3) experimental approaches [41-43]. Table 1.2 shows the 

classification of previous studies on combustion instability. In recent years, research [32, 

44-48] has been actively conducted to compare the results from two or more methods from 

different categories for investigating the combustion instability, not just in each field, and 

through this, the reliability of each method has been improved. The present study employs 
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the experimental approaches to investigate the combustion instability of non-premixed 

gaseous oxygen-methane flames formed by a recessed coaxial injector. Furthermore, using 

an analytic model, the prediction of combustion instability is performed and compared to 

the experimental results. 

 

Table 1.2 Classification of previous studies on combustion instability. 

Category Year Affiliation Research Group Contents 

Analytic 

solution 

1998 
Georgia Institute 

of Technology 

T. Lieuwen 

B.T. Zinn 
· Theoretical model was compared with 

the experimental results [32] 

2019 CNRS S. Candel 
· Analytical study of nonlinear coupling 

between azimuthal and axisymmetric 

modes in annular combustors [33] 

2020 

University of 

California, San 

Diego 

F.A. Williams 
· Theory of droplet vaporization in the 

presence of fuel pyrolysis [34] 

CFD 

RANS 

2004 K.U. Leuven P. Sas 
· Hybrid approach utilizing both CFD 

and thermoacoustic solvers [35] 

2017 

Combustion 

Science & 

Engineering, Inc. 

E.D. Gonzalez-

Juez 
· Simulation for instabilities on a bluff 

body stabilized combustor [36] 

LES 

2005 
Georgia Institute 

of Technology 
V. Yang 

· Effect of inlet swirl on combustion 

dynamics using a LES technique [37] 

2006 
CNRS 

CERFACS 
T. Poinsot 

· LES and acoustic analysis of a swirled 

staged turbulent combustor [38] 

2016 

Nanjing 

University of 

Aeronautics and 

Astronautics 

J. Mao 
· Turbulent lean combustion modeling 

using PaSR combustion model [39] 

2019 

Technical 

University of 

Munich 

W. Polifke 
· LES of enhanced heat transfer in 

pulsatile turbulent channel flow [40] 

Experimental 

Approach 

2009 

Massachusetts 

Institute of 

Technology 

A.F. Ghoniem 
· Parametric study on flame-vortex 

interaction [41] 

2010 
Pennsylvania 

State University 
D.A. Santavicca 

· Both experimental and analytical study 

on spatially distributed FTF [42] 

2011 
University of 

Cambridge 
S. Hochgreb 

· Nonlinear heat release response of 

stratified lean-premixed flames [43] 
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Furthermore, in the previous studies, the flame transfer function (FTF), which 

represents the heat release rate perturbation according to the external modulation, has been 

mainly used to understand the flame characteristics and to predict combustion instability. 

Therefore, accurate FTF calculation or measurement improves the accuracy of combustion 

instability prediction. However, the main subjects of studies on FTF have been premixed 

flames [45, 49, 50]. Furthermore, in the previous studies, the FTF at the frequency where 

the combustion instability occurred was not identified due to the narrow frequency range 

of external modulation for calculating or measuring the FTF. Thus, in this study, the FTF 

is experimentally measured in a wide frequency range of modulation and used to predict 

the combustion instability of non-premixed flames. 

Even under constant operating conditions, flames can form in different shapes with 

different characteristics, which are called bistable flames. Various studies have been 

conducted on LES and experimental approaches to bistable flames, but most studies have 

been conducted on premixed flames, and studies on bistable flames of non-premixed flames 

have not been sufficient. In addition, in understanding the transition of flame shapes due to 

external modulation, studies have not been performed sufficiently because the strength 

range of external modulation was limited in the previous studies. Therefore, in this study, 

the characteristics of non-premixed flame shapes are studied, and the behavioral bifurcation 

characteristics of the bistable flames according to the oxidizer-to-fuel (O/F) ratio and a 

wide strength range of external modulation are also analyzed. 

In summary, the purposes of this study are to explore the characteristics of flame shape 

and combustion instability, which occurs in a recessed coaxial injector, and finally to 

attempt to predict combustion instability using the measured flame shapes and FTFs. For 

achieving the objectives of this study, the following studies are conducted. 

1. In Chapter 3, the characteristics of the flame shape formed in a recessed coaxial 

injector are investigated based on the O/F ratio and acoustic modulation strength 

variation. Even with the constant O/F ratios, different flame shapes are formed 

(detached and attached), resulting in different combustion characteristics. First, 

the characteristics of detached and attached flames under constant operating 
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condition are examined. Furthermore, the bifurcation diagrams of the bistable 

flames, based on flame shapes, are generated by varying the O/F ratio and acoustic 

modulation strength under oxygen flow. 

2. In Chapter 4, this study examines the effect of the total delay time (𝜏𝑡𝑜𝑡𝑎𝑙), which 

is calculated using the flame shape and speed, measured by high repetition 

hydroxyl radical (OH*) chemiluminescence, OH-PLIF, and PIV, on the 

combustion instability characteristics of a non-premixed methane-oxygen flame 

using a recessed coaxial injector. The experiments are repeated by varying the O/F 

ratio, which is a key parameter of 𝜏𝑡𝑜𝑡𝑎𝑙, and combustor length. In addition, the 

instability mode/frequency shifting phenomenon is studied using the time-lag 

analysis and simplified Rayleigh criterion. Also, the frequency of combustion 

instability under each O/F ratio is determined based on the combustor length 

variation tests and the relationship between the 𝜏𝑡𝑜𝑡𝑎𝑙 and combustion instability 

frequency is studied for varied O/F ratios. 

3. In Chapter 5, the inherent instability characteristics of flames are studied by 

measuring the FTFs. The FTFs are measured by keeping the velocity perturbation, 

which is the denominator of FTF, constant at 5%. First, the effects of distinct 

characteristics of two bistable flames on FTFs are determined by measuring the 

FTFs of bistable flames. Furthermore, the FTFs at all O/F ratios, in this study, are 

measured, and the peak frequencies of FTFs are compared to the combustion 

instability frequency. Finally, the combustion instability is predicted using the 

measured FTF and flame shape through an instability prediction tool (OSCILOS). 

The prediction results for combustion instability frequency and instability mode 

shifting phenomenon for varied O/F ratio and combustor length are compared to 

experimental results. 

 

 

  



 9 

CHAPTER 2 

EXPERIMENT AND MEASUREMENT SYSTEMS 

2.1 Combustor and Injector 

 

Fig. 2.1 Schematic diagram of the single element combustor test facility. 

 

To explore the flame characteristics, an atmospheric-pressure and high-temperature 

single element combustion test facility for a recessed coaxial injector is installed. As shown 

in Fig. 2.1, this facility consists of an atmospheric pressure combustor, air compressor, an 

external stack, cooling systems using air and water, and supplying systems for oxidizer and 

fuel. Mass flow controller (MFC) (LineTech, M3300V, uncertainty = ± 1% of full range) is 

used for controlling the flow rates of oxygen, methane, and hydrogen which are provided 

from each bottle of high-purity feedstock gases (O2 purity > 99.9 mol%, CH4 purity > 99.95 

mol%, and H2 purity > 99.95 mol%). The combustion tests are conducted at slightly aviated 

pressure (1.05 ~ 1.2 bar) because a water-cooled plug nozzle is used to form an acoustic 

boundary at the combustor outlet by blocking 99.25% of the combustor area. The flow rate 
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of oxygen and methane are varied according to the purpose of tests. 

Figure 2.2 shows the schematics of the combustion test rig and details for the recessed 

coaxial injector used in this study. The square cross-section of the combustor is 80 mm × 

80 mm and the combustor, made from steel, consists of two parts.  

 

 

Fig. 2.2 Schematic diagram of (a) measurement sensor locations, (b-c) cross-sectional view 

of injector, and (d) direct photo for each part of the injector. 
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The front part is a combustor with four quartz windows on the sidewalls for optical 

access. The quartz windows are cooled by high-pressure injection of the air. The rear part 

is a ducted combustor with water channels for cooling. The length of the combustor can be 

controlled from 458 mm to 1,158 mm by moving the water-cooled movable plug nozzle. 

Gaseous oxygen and gaseous methane at 290 ± 5 K are supplied by MFCs through a center 

jet (diameter = 5 mm) and an annular swirled jet (outer diameter = 7 mm, inner diameter = 

6 mm, 6 swirl channels), respectively. The cooling air is supplied after being pressurized 

to 4 bar using a compressor. The oxygen and methane are supplied to the MFCs at 5 bar 

controlled by regulators and ejected from the MFCs to the atmospheric pressure. The 

injector used in this study is a coaxial injector, and the oxygen in the center is ejected as a 

jet as shown in Fig. 2.2(b-d). Therefore, the swirl number can be calculated using the stream 

of methane. Since the six swirl channels are 1.4 mm in diameter, the swirl number (S) is 

1.105 using Eq. (2.1). 

S =  
𝑚̇𝐶𝐻4

𝐴𝑎𝑛𝑔𝑢𝑙𝑎𝑟⁄

𝑚̇𝐶𝐻4
𝐴𝑎𝑥𝑖𝑎𝑙⁄

, (2.1) 

where 𝑚̇𝐶𝐻4
 is the methane mass flow rate, 𝐴𝑎𝑛𝑔𝑢𝑙𝑎𝑟 is the total area of swirl channels, 

and 𝐴𝑎𝑥𝑖𝑎𝑙 is the axial exit area for annular swirled methane jet. 

The recess length, where oxygen and methane are mixed before entering the 

combustor, is designed to be 5 mm. Therefore, the recess ratio (RR), defined as the Eq. 

(2.2), is calculated as unity (1). 

RR = 
𝐿𝑟𝑒𝑐𝑒𝑠𝑠

𝐷
, (2.2) 

where 𝐿𝑟𝑒𝑐𝑒𝑠𝑠 is the length of recess and D is the oxygen post diameter. 
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2.2 Flame Imaging 

In this study, since the hydrocarbon fuel (methane) is used for combustion tests, the 

OH* is produced by chemical reactions. Therefore, to determine the shapes and centroid of 

flames, OH* chemiluminescence images are captured. Direct photography has been used 

in many other studies to investigate the flame shape, however, images produced by this 

method are not good indicators of the reaction zone [51]. Hu et al. [52] experimentally 

measured OH* and methylidyne radical (CH*) radiation and compared them with the heat 

release rate. OH* radiation has a strong linear correlation with heat release rate regardless 

of equivalence ratio [52]. However, a non-linearity in the correlation between CH* radiation 

and the heat release rate increases as the equivalence ratio increases [52]. Thus, the OH* 

chemiluminescence image should be used since OH radicals are good indicators of the 

reaction zone, which is a high-temperature region [51]. In this study, OH* 

chemiluminescence images are captured with a complementary metal-oxide semiconductor 

(CMOS) camera (LaVision, HighSpeed Star 8, 1024 × 640 pixels) with an intensifier 

(LaVision, HighSpeed IRO), using a ultra-violet (UV) enhanced lens (LaVision, f = 100 

mm, f/2.8) and a 320 ± 20 nm narrow bandpass filter (LaVision, 1108760 VZ). The 

images of OH* chemiluminescence are taken with 5 µs exposure time and 10,000 images 

per second. The threshold value used to define the flame is 5% of the maximum intensity 

of the averaged image. 

 

2.2.1. Chemiluminescence Spectroscopy [53] 

In this study, OH* chemiluminescence measurements are conducted to obtain the 

flame shapes and centroid by determining the reaction region. The analyte concentration 

can be determined through the quantitative measurements of the optical emission from the 

excited chemical species by applying the chemiluminescence which is similar to atomic 

emission spectroscopy (AES). However, chemiluminescence is different from AES 

because it is generally defined as emission from activated molecules instead of simply 
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excited atoms. The bands of light determined by chemiluminescence are wider and more 

complex because they come from molecular emissions than from bands of atomic spectra. 

In addition, chemiluminescence can occur in both the solution and gaseous phase while 

AES occurs mainly in the gaseous phase. Like fluorescence spectroscopy, the strength of 

chemiluminescence is determined by detecting the electromagnetic radiation produced in a 

system with very low background. To measure the chemiluminescence, the energy required 

to release the analyte into higher electronic, vibrational, and rotational states, where the 

energy can decay by emission, does not come from external light sources such as lasers or 

lamps, thus completely preventing the source disturbance. This excitation energy is 

generated by a chemical reaction of analyte and reagents. An example of a reaction of this 

sort is shown below: 

𝐶𝐻3 − 𝑆 − 𝐶𝐻3 + 𝐹2 → products + ℎ𝑣 (light), (2.3) 

where the analyte is dimethyl sulfide (C2H6S) and reagent gas is fluorine (F2) 

In gaseous phase chemiluminescence in the above example, the light emission, which 

is depicted as hν, is emitted by the reaction process of an analyte and a strongly oxidizing 

reagent gas or ozone. The production of light is intrinsically instantaneous because the 

reaction occurs on a short time scale. Thus, the analytes and reagents are simply mixed in 

a small volume chamber directly for most analyte systems. When the analytes are eluted 

from a gas chromatographic column, the end of the column is often supplied directly into 

the reaction chamber itself. Since much of the energy emitted by the reaction should be 

used to excite as many analyte molecules as possible (in the eyes of the analyst), energy 

loss through gas collisions is undesirable, so maintaining the gas pressure in the reaction 

chamber at low pressure (~ 1 torr) by a vacuum pump is a final consideration to minimize 

the effects of collisional deactivation. In the above reaction process, it is necessary to state 

that the ambiguous specification of "products" is often necessary because of the nature and 

complexity of the reaction. In some reaction processes, the chemiluminescence emitters are 

relatively well known. For instance, the major emitter is electronically and vibrationally 
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excited HF in the above reaction example, while other emitters have been determined 

whose identities are not known. In Chapters 3 and 4, OH* chemiluminescence images are 

captured to determine the flame shape and centroid. Furthermore, in Chapter 5, the intensity 

of OH* chemiluminescence signals is measured to determine the FTF. 

 

2.2.2. OH PLIF Measurement 

LIF is a sequence described as the absorption of a photon by a molecule of radical, 

followed by emission of a photon as the molecules transition from a higher energy state to 

a lower one [54]. Figure 2.3 shows the schematic of relaxation processes for the emission 

of photons. Some of the molecules will relax to the initial state by the emission of a photon 

[54]. However, several relaxation processes are possible including (a) spontaneous 

emission, (b) stimulated emission by exterior stimulus, (c) quenching by collision of 

molecules, (d) redistribution of energy level, and (e) change of molecular component by 

chemical reaction [54]. LIF signal is described as the rapid or spontaneous emissions of 

photons and the frequency of LIF signal can have a different value from that of inducing 

laser beam [54]. 

 

 

Fig. 2.3 Schematic of relaxation processes for the emission of photons [54]. 

 

By using OH-PLIF, spatially and temporally resolved images in the reaction zone can 

be obtained. Table 2.1 shows the formation and destruction of OH radicals which increase 
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rapidly around the flame in approximately 20 μs [55, 56] and then decompose gradually 

from 1 to 5 ms by a 3-body recombination reaction [57]. Thus, super-equilibrium OH exists 

near the flame front. The OH radical, which is an intermediate product of the chemical 

reaction, has a concentration of more ten times than that of O or H radicals [58]. When 

absorbing laser light, the more intensive fluorescence signal is measured from the OH 

radical than other species, so the fluorescence signal of OH radical is widely used as an 

indicator for determining the flame front in reacting flows [54]. 

 

Table 2.1 Formation and destruction of OH radical [54]. 

Fast OH formation by two-body reactions (~ 20 sec) 

H + O2  ↔  OH + O 

O + H2  ↔  OH + H 

H + HO2  ↔  OH + OH 

Slow destruction by three-body recombination reactions (1 ~ 5 msec) 

H + OH + M ↔ H2O + M 

 

To observe the line positions for transition, I scan the dye laser and record the signal 

at each step. I intend to use Q1(8) transition of the A2Σ+  X2Π (ν’ = 1, ν” = 0) band (λ = 

283.55 nm) for the excitation wavelength. Using a CMOS camera with a UV-enhanced lens 

(LaVision, f = 100 mm, f/2.8), in conjunction with a test flame in laminar premixed 

condition, a laser excitation scan is performed over the range of interest from λ = 283.4 nm 

to λ = 283.7 nm with 0.005 nm step. At every scanning step, 20 pulses of signals are 

recorded and averaged. After scanning the dye laser, the OH* excitation spectrum can be 

obtained as shown in Fig 2.4. Among the peak values of the excitation spectrum, I use Q1(8) 

as the excitation wavelength of OH radical because it shows strong fluorescence and is 

almost temperature-insensitive over the flame temperature region (1400 K to 2500 K) [59, 

60]. Figure 2.5 shows the OH* fluorescence spectrum for Q1(8) measured in a previous 

study [61]. The peak value is found at around 308 ~ 320 nm. 

 



 16 

 

Fig. 2.4 Measured OH* excitation spectrum; Q1(8) is used for OH-PLIF in this study. 

 

 

Fig. 2.5 OH* fluorescence spectrum for Q1(8) at temperatures of (a) 2000 K and (b) 1600 

K [61]. 

 

For OH PLIF, a neodymium-doped yttrium aluminum garnet (Nd-YAG) pumped by 

dye laser is turned to Q1(8) (λ = 283.545 nm). To measure the UV light, all the lenses made 

with quartz are used since UV light cannot penetrate the common glass. The region of 

interest is focused on the intensifier and CMOS camera. An advanced bandpass filter is 

used to block scattered signal lights. The transmittance of the filter is shown in Fig. 2.6. In 

addition, Fig. 2.7 shows the schematics of OH-PLIF system in this study. 
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Fig. 2.6 The transmittance of the bandpass filter (LaVision, 1108760 VZ) (red line) 

shown in the manufacturer’s catalog. 

 

 

Fig. 2.7 Schematic diagram of OH-PLIF measurement system. 

 

High-repetition laser measurements have been widely used in various research fields 

to find the unknown high repetition characteristics, so many research groups are conducting 

experimental approaches about CH4/Air flame, liquid fuel flame, and micro structure of the 

flame [62]. The detailed information about the research is summarized in Table. 2.2 [62]. 
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Table. 2.2 High-speed PLIF application research summary [62]. 

Research 

group 
Year Author Contents 

Repetition 

rate 

AFRL 2013 S. Hammack 
Plasma-enhanced flame characteristics of turbulent 

non-premixed flame [63] 
10 kHz 

CNRS 2012 P. Petersson 
Simultaneous high-speed PIV & OH-PLIF about 

coaxial diffusion flame burner [64] 
10 kHz 

CNRS 2014 P. Xavier 
Cavity flame anchoring characteristics based on 

high-speed OH-PLIF [65] 
10 kHz 

DLR 2010 I. Boxx 
Simultaneous measurement of transient phenomena 

in a partially premixed swirl flame [66] 
5 kHz 

DLR 2011 M. Stohr Blow off characteristics of CH4 swirling flame [67] 5 kHz 

DLR 2013 M. Stohr 
Simultaneous measurement of PIV & OH PLIF in 

CH4 swirling flame [68] 
10 kHz 

Michigan 

University 
2015 P.M. Allison CH2O-PLIF measurements in dual-swirl burner [69] 4 kHz 

Sydney 

University 
2011 S. Meares 

High-speed OH-PLIF imaging of extinction and  

re-ignition [70] 
5 kHz 

University of 

Cambridge 
2011 J.R. Dawson 

Near blow-off characteristics of bluff body 

stabilized CH4 flame [71] 
5 kHz 

University of 

Cambridge 
2012 N.A. Worth 

Flame interaction of CH4/Air conical bluff-body 

stabilized flame [72] 
5 kHz 

 

In this study, the high-frequency combustion instabilities are measured and high-

repetition OH-PLIF is applied to explore the structural characteristics of flames. The OH-

PLIF is conducted using an Nd-YAG laser (Edgewave, IS-200-2-L) and a dye laser (Sirah, 

Credo-Dye-LG-24). The OH-PLIF images are captured with a CMOS camera (LaVision, 

HighSpeed Star 8) with an intensifier (LaVision, HighSpeed IRO), using a UV-enhanced 

lens (LaVision, f = 100 mm, f/2.8) and a 320 ± 20 nm narrow bandpass filter (LaVision, 

1108760 VZ). The OH-PLIF images are captured at 10 kHz. The field of view for the OH-

PLIF is 110 mm × 70 mm. 
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2.2.3. PIV Measurement [53] 

The velocity vector fields of a flow can be obtained using PIV by comparing 

consecutive two images. The experimental set-up of PIV system consists of several sub-

systems: double-pulse light source system, detecting system, and particle seeding system 

as shown in Fig. 2.8. Since PIV measures only the velocity of the particles, instead of the 

flow itself, by comparing the displacement of each particle image illuminated by the 

sequential light pulses, small particles should be seeded into the flow to conduct PIV 

measurement technique. 

 

 

Fig. 2.8 Schematic diagram of PIV measurement system. 

 

In this study, a double-pulse neodymium-doped yttrium lithium fluoride (Nd-YLF) 

laser is used as a light source and a high speed CMOS camera is employed to obtain 

instantaneous particle images at a measurement plane. There are no specific rules for 

particle seeding system; however, the size of the particle should be determined by 

considering whether particles can follow the flow well or not [22]. In most cases, it is 

necessary to add tracer particles into the flow. These particles are illuminated at the 

measurement plane of the flow twice times within a short interval. The scattering or 

fluorescence signals from particles are recorded on a single frame or sequential frames. The 
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displacement of the particle signals identified by the light pulses is calculated through 

evaluation of the PIV. 

To calculate the displacement of the particles captured by a CMOS camera, it is 

necessary to divide the image into several grids, which are called interrogation windows. 

After setting the size of the interrogation window, one interrogation window of the first 

images is picked and compared with all the interrogation windows of the second images. 

The displacement between the interrogation window of the first image and the interrogation 

window of the second image represents one vector of the flow field. By conducting this 

work in all the interrogation windows, whole vectors of flow-field can be obtained. This 

process is called a correlation. 

 

 

Fig. 2.9 Principle of the typical PIV system [53]. 

 

The correlation function is expressed as follows: 

ℎ(𝑠𝑥 , 𝑠𝑦) =  ∫ ∫ 𝑓(𝑥, 𝑦)𝑔(𝑥 + 𝑠𝑥

∞

0

, 𝑦 + 𝑠𝑦)𝑑𝑥𝑑𝑦
∞

0

 (2.4) 

The expression can become simple as conducting Fourier transformation for 

convenience's sake in calculating. Here, F and G are Fourier transformed function of each 
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f and g, and they mean Fourier transform operator. 

𝐹(ℎ) = 𝐹∗(𝑓) × 𝐹(𝑔) =  𝐹∗ × 𝐺 (2.5) 

ℎ = 𝐹−1(𝐹∗ × 𝐺) (2.6) 

Equation 2.4 is the same expression of spatial masking in an image processing 

technique. Thus, it means that a correlation is a kind of masking concept. According to this 

concept, the correlation can be called a process to figure out the distribution of the similarity 

by signal distribution in an image plane. Equation 2.6 makes us use the fast Fourier 

transform (FFT) algorithm which reduces the calculation time drastically. The interrogation 

window size of 2n  2n should be chosen to use FFT algorithm because FFT algorithm is 

a method by dividing even and odd terms. However, the calculation time becomes short by 

log2N/N times comparing with the direct Fourier transform (DFT) algorithm. 

A correlation method is separated into auto-correlation and cross-correlation. 

Mathematically, auto-correlation is the case; f(x; y) = g(x; y) in Eq. 2.4 and cross-correlation 

is the case; f(x; y) ≠ g(x; y). Experimentally, an auto-correlation is used for the case where 

the first image at t = t1 and the second image at t = t2 are recorded in one frame (called as a 

single frame/double exposure mode) and cross-correlation is used for the case where the 

first image at t = t1 and the second image at t = t2 are recorded in separated frames (called 

as a double frame/single exposure mode). Comparing with an auto-correlation method, a 

cross-correlation method has some merits as follows: 

 

1. Directional ambiguity problem can be avoided easily. 

2. The algorithm is simple because there is only one peak as a result of correlation. 

3. Dynamic range is relatively large. 

 

However, it was difficult to satisfy hardware requirements for cross-correlation. 

Especially, a time interval was a problem in most cases because the device, which satisfied 
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both high-resolution conditions and short time intervals (microsecond), was very expensive. 

Nowadays, it becomes relatively inexpensive and popular. Thus, most PIV systems use a 

cross-correlation method. 

In this study, the scattering signal of seeding particles (zirconium oxide (ZrO2) with a 

mean diameter of 1.5 μm) from a sheet beam of the Nd-YLF laser (Photonics, DM20-527) 

is measured using a CMOS camera (LaVision, HighSpeed Star 8) mounted with a Nikon 

lens (f = 105 mm, f/2.8) and a 527 ± 10 nm narrow bandpass filter (LaVision, 1108572 

VZ). The field of view for the PIV is 95 mm × 60 mm. The time interval between the 

images in each PIV pair (dt) is 10 μs in Chapter 3 and 5 μs in Chapter 4. The PIV image 

resolution is 9.28 × 10−5 m per pixel, and the interrogation window sizes for PIV are 48 × 

48 pixels and 24 × 24 pixels, in the multi-pass mode. The overlap ratio is 75%, and FFT-

based cross-correlation and noise reduction are applied for post-processing. Figure 2.10 

shows the field of view of OH* chemiluminescence, OH-PLIF, and PIV measurement. 

 

 

Fig. 2.10 Field of views for OH* chemiluminescence, OH-PLIF, and PIV.  
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2.3 Ignition Sequence 

To conduct the combustion tests in this study, initial ignition is required, thus, a torch 

igniter using air and hydrogen is used. The main flame is formed using oxygen and methane. 

In addition, air cooling is performed to prevent the quartz windows from breaking and 

deformation of the combustor due to high temperature during the combustion process. 

Figure 2.11 shows the sequence for combustion tests used in this study. 

 

 

Fig. 2.11 Sequence for combustion tests including ignition. 

 

After setting the flow rate of air for ignition and oxygen for main flame to the 

operating conditions, a spark plug is activated. Then, the hydrogen for ignition is supplied 

to ignite a torch flame. After igniting the pilot torch flame, the methane is supplied to ignite 

the main flame. If the methane is supplied before the torch ignition, the combustor is filled 

with methane, which causes an explosion at ignition by abruptly igniting the methane inside 
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the combustor. The combustion tests are conducted after spark plugs, ignition air, and 

ignition hydrogen are turned off and only the main flame is formed inside the combustor. 

After the combustion tests are completed, supplying the methane for main flame is turned 

off and the purging air is supplied to extinguish the flame. Finally, the combustion process 

is finished by stopping the flows of oxygen and purge air.  
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2.4 Flame Transfer Function Measurement 

The flame inherent characteristics can be determined by measuring the FTF using Eq. 

(2.7), where the input function is the velocity fluctuation and the output function is the 

perturbation of the volume-integrated heat release rate. 

FTF(𝜔) =  
𝑞′ 𝑞̅⁄

𝑢′ 𝑢̅⁄
, (2.7) 

where 𝜔 is the modulation frequency and 𝑢 is the oxygen velocity. Furthermore, 𝑥′ and 

𝑥̅ are the fluctuation and average of 𝑥, respectively. 

When perturbation occurs in the flame, it leads to perturbation of the heat release rate 

and causes an unstable flame. Figure 2.12 shows the mechanisms of heat release rate 

perturbations by velocity disturbances. 

 

 

Fig. 2.12 Mechanisms of heat release rate perturbations by velocity disturbances [73]. 

 

At low frequencies, velocity disturbances cause heat release rate perturbations by 

changing the flame area (Route 1). However, at high frequencies, flame speed perturbations 

occur due to the flame stretch effect, so heat release rate perturbation is induced either 

directly (Route 2a) or indirectly (Route 2b). 

Figure 2.13(a) shows the flame shapes according to external modulation at low and 
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high frequencies. For low-frequency modulation, the flame front winkles with constant 

amplitude from the flame base to its tip [74]. However, for high-frequency modulation, 

flame wrinkling is evident only at the flame base and decays downstream, and this 

structural difference is caused by the flame stretch effects as shown in Fig. 2.13(b) [74]. As 

the disturbance frequency increases, reduced Strouhal number (𝑆𝑡𝑓), which represents the 

flame speed effect, increases, so the flame stretch effect increases. The gain of FTF can be 

expressed by 𝑆𝑡𝑓  and Markstein number (𝜎̂𝐶 ) according to the magnitude of 𝑆𝑡𝑓  as 

summarized in Table. 2.3 [74]. 

 

 

Fig. 2.13 (a) Flame shapes according to external modulation. (b) The amplitude of flame 

oscillation and (c) gain of FTF for different Markstein numbers (𝜎̂𝐶) [74]. 

 

Table 2.3 Gain of FTF expressed by 𝑆𝑡𝑓 and 𝜎̂𝐶 according to the magnitude of 𝑆𝑡𝑓. 

𝑺𝒕𝒇 conditions Stretch effect Gain of FTF (G) [74] 

𝑆𝑡𝑓 ≪ 1 
Non-stretch flame 

(flame area effect >> flame speed effect) 
|𝐺| =  

2

𝑆𝑡𝑓
|sin (𝑆𝑡𝑓 2⁄ )| 

𝑆𝑡𝑓 ~ O(𝜎̂𝑐
−1 2⁄

) 
Weak-stretch flame 

(flame area effect > flame speed effect) 
𝐺 ≈ −

1

𝑖𝑆𝑡𝑓
(1 − 𝑒−𝜎̂𝑐𝑆𝑡𝑓

2

𝑒𝑖𝑆𝑡𝑓) 

𝑆𝑡𝑓 ~ O(𝜎̂𝑐
−1) 

Strong-stretch flame 

(flame area effect ≈ flame speed effect) 
𝐺 ≈ −

1

𝑖𝑆𝑡𝑓
(1 + 𝜎̂𝑐

2𝑆𝑡𝑓
2 − 𝑖𝜎̂𝑐𝑆𝑡𝑓) 

 

When the disturbance frequency is small, so 𝑆𝑡𝑓 is negligibly small, the effect of the 

flame area on the heat release rate perturbation is dominant. Therefore, the theoretical value 
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of FTF gain decreases with oscillating as the disturbance frequency increases as shown in 

Fig. 2.13(c). However, as the disturbance frequency increases a little further, the flame 

stretch effect increases, so the disturbance is attenuated. Finally, when the disturbance 

frequency is large and the flame stretch effect becomes very large, the FTF gain decreases 

gradually without oscillating as shown in Fig. 2.13(c). 

Commonly, three kinds of modulation devices have been used during FTF 

measurement experiments: the control valve, the siren, and the acoustic devices [62]. Table 

2.4 shows the previously research which used various modulation devices. 

 

Table 2.4 Summary of flow modulation device and application. 

Modulation 

device 
Author Contents 

Control 

valve 

A.X. Sengissen LES and experiment: 2007 [75] 

K.P. Geigle Syngas FFT and CFD: 2007 [76] 

Siren 
W.S. Cheung FTF measurement: 2003 [77] 

A. Gentemann FTF measurement: 2004 [78] 

Speaker 
B. Varoquié n-τ model for FTF of non-premixed flame: 2002 [79] 

C.O. Paschereit Transfer matrices: 2002 [80] 

 

Some research used a control valve [75, 76] which can generate any excitation signal. 

However, the range of modulation frequency, which can be generated by this type of 

actuators, is narrow and the maximum frequency of oscillation is low. Another option for 

modulation is to use a siren-like pulsator [77, 78], i.e., with a rotating part. This type of 

actuators can generate a high maximum frequency of oscillation, however, the geometry of 

pulsator should be changed to vary the strength of oscillation. Therefore, in this study, a 

speaker is selected for the modulation device because the frequency and strength of 

oscillation can be varied easily [79, 80]. Although a speaker has a disadvantage that it is 

hard to be used to oscillate a large flow, the flow rate of this study is sufficiently small to 

be modulated by a speaker. The modulation frequency of the speaker is varied up to 2000 

Hz. Figure 2.14 shows the FTF measurement system. 
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Fig. 2.14 Schematic diagram of the FTF measurement system. 

 

In this study, the FTF is measured using a speaker (Sammi, NFS-300) mounted at the 

upstream of the oxygen feed line for a single frequency modulation under oxygen flow [79]. 

A hot wire anemometer (HWA) (Dantec, MiniCTA) is used for measuring the velocity 

perturbation of the oxygen flow. A PMT (Hamamatsu, H7732-10) is used for measuring 

the heat release perturbation under open boundary conditions without a plug nozzle and 

downstream combustor to remove the acoustic boundary effect of the combustor. Figure 

2.15 shows the change in FTF for varied strength of velocity perturbations.  
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Fig. 2.15 Effect of modulation strength on FTF characteristics [48]. 

 

According to the previous research [48], the amplitude of inlet velocity perturbation 

is a key parameter which can change the FTF. In this study, when measuring the FTF, the 

amplitude of the velocity perturbation is checked in real-time, so that the voltage of speaker 

can be adjusted. Therefore, the velocity fluctuation in the denominator of the FTF is kept 

constant at 5% of the mean velocity. This 5% fluctuation is sufficiently high to provide a 

good signal-to-noise ratio and small enough to avoid non-linearity. Measurement data are 

recorded by the Labview-based data acquisition system, with a sampling rate was 10,000 

samples/s. 
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2.5 Shear Strain Magnitude Calculation 

The continuity equation of two-dimensional flow is as Eq. (2.8). 

∂

∂x
(𝜌𝑢) +

∂

∂y
(𝜌𝑣) = 0 (2.8) 

If the function 𝜓(𝑥, 𝑦) is defined so that Eq. (2.8) can be expressed as Eq. (2.9), Eq. 

(2.8) is always satisfied for the function 𝜓(𝑥, 𝑦). 

∂

∂x
(
𝜕𝜓

𝜕𝑦
) +

∂

∂y
(−

𝜕𝜓

𝜕𝑥
) = 0 (2.9) 

Therefore, this function 𝜓(𝑥, 𝑦) should be defined as Eq. (2.10) by comparing Eq. 

(2.8) and Eq. (2.9), which is called “stream function”. 

𝜌𝑢 =  
𝜕𝜓

𝜕𝑦
, 𝜌𝑣 =  −

𝜕𝜓

𝜕𝑥
 (2.10) 

In addition, the streamline of a two-dimensional flow is defined as Eq. (2.11) or (2.12). 

𝑑𝑥

𝑢
=  

𝑑𝑦

𝑣
 (2.11) 

𝜌𝑢 𝑑𝑦 −  𝜌𝑣 𝑑𝑥 = 0 (2.12) 

If the stream function defined in Eq. (2.10) is applied to Eq. (2.12), the streamline of 

a two-dimensional flow can be expressed as Eq. (2.13). 

𝜕𝜓

𝜕𝑥
𝑑𝑥 + 

𝜕𝜓

𝜕𝑦
𝑑𝑦 = 0 = 𝑑𝜓 (2.13) 

Therefore, since there is no change in 𝜓 along the streamline, the streamline can be 

determined as a constant 𝜓, and the change in 𝜓 represents the mass flow rate. 
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Figure 2.16 shows the schematic diagram of the shear layer under the different flow 

cases. When the inflow has inner and outer streams of large velocity difference with a 

velocity jump, the shear layer, where the inner and outer streams are mixed, grows wide as 

shown in Fig. 2.16(a). However, when the inner and outer streams have near-identical 

velocities, shear strength between the two flows is small, resulting in the thin shear layer 

as shown in Fig. 2.16(b). Consequently, when the velocity varies linearly, which 

represented that the velocity difference between two flows at the interface is almost zero, 

the inflow acts as a single flow. 

 

 

Fig. 2.16 Schematic diagram of shear layer under the different flow cases. (a) developing 

shear layer case with large velocity difference, (b) small shear limit case with small velocity 

difference, and (c) pure shear limit where the velocity varies linearly [81]. 

 

Figure 2.17 shows the details of shear layer between the inner and outer flows. The 

width of shear layer (δ) is defined as δ = ℎ − ℎ1 − ℎ2, where h, h1, and h2 are the widths 

of channel, outer plug flow, and inner plug flow, respectively. The shear rate (𝜀𝑦) is defined 

as 𝜀𝑦 = (𝑈1 − 𝑈2) 𝛿⁄ . 

Therefore, in Fig. 2.16(a), since the large velocity difference between two streams 

results in strong 𝜀𝑦, the shear layer grows fast. However, in Fig. 2.16(b) and 2.16(c), the 

velocity differences between the two streams are small, so thin shear layers form and they 

grow slowly. 

 



 32 

 

Fig. 2.17 Schematic diagram of symmetric flow in a half channel [81]. 

 

To determine the mixing strength between oxygen and methane for different flame 

shapes, the shear strain magnitude (𝜀𝑥𝑦,𝑚𝑎𝑥) is calculated using the velocity gradient (∇V) 

measured by PIV: 

∇V = 

[
 
 
 
 
𝜕𝑣𝑥

𝜕𝑥

𝜕𝑣𝑥

𝜕𝑦
𝜕𝑣𝑦

𝜕𝑥

𝜕𝑣𝑦

𝜕𝑦 ]
 
 
 
 

=  

[
 
 
 
 

𝜕2𝜓

𝜕𝑥𝜕𝑦

𝜕2𝜓

𝜕𝑦2

−
𝜕2𝜓

𝜕𝑥2
−

𝜕2𝜓

𝜕𝑦𝜕𝑥]
 
 
 
 

, (2.14) 

where V is the velocity vector measured using PIV; 𝑣𝑥 and 𝑣𝑦 are the velocities along 

the x- and y-axes, respectively; and 𝜓 is the stream function. 

Here, ∇V includes two tensors: a symmetric tensor (𝑆𝑖,𝑗, strain tensor) and an anti-

symmetric tensor (Ω𝑖,𝑗, rotation tensor) [82, 83] as 

𝑆𝑖,𝑗 = 
1

2
(
𝜕𝑣𝑖

𝜕𝑥𝑗
+

𝜕𝑣𝑗

𝜕𝑥𝑖
), (2.15) 

Ω𝑖,𝑗 = 
1

2
(
𝜕𝑣𝑖

𝜕𝑥𝑗
−

𝜕𝑣𝑗

𝜕𝑥𝑖
) , (2.16) 

where i and j ∈ {𝑥, 𝑦}. 
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Therefore, ∇V can be described as: 

∇V = 

[
 
 
 
 

𝜕2𝜓

𝜕𝑥𝜕𝑦

1

2
(
𝜕2𝜓

𝜕𝑦2
−

𝜕2𝜓

𝜕𝑥2
)

1

2
(
𝜕2𝜓

𝜕𝑦2
−

𝜕2𝜓

𝜕𝑥2
) −

𝜕2𝜓

𝜕𝑦𝜕𝑥 ]
 
 
 
 

+

[
 
 
 
 0

1

2
(
𝜕2𝜓

𝜕𝑦2
+

𝜕2𝜓

𝜕𝑥2
)

−
1

2
(
𝜕2𝜓

𝜕𝑦2
+

𝜕2𝜓

𝜕𝑥2
) 0

]
 
 
 
 

 (2.17) 

The principal strain rates (𝜀1̇ and 𝜀2̇) can then be calculated by Eq. (2.18) [83], which 

are the eigenvalues of 𝑆𝑖,𝑗. 

𝜀1̇ and 𝜀2̇ = 
𝜀𝑥̇𝑥 + 𝜀𝑦̇𝑦

2
± √(

𝜀𝑥̇𝑥 − 𝜀𝑦̇𝑦

2
)
2

+ 𝜀𝑥̇𝑦
2 , (2.18) 

where 𝜀𝑖̇𝑗 = 
𝜕𝑣𝑖

𝜕𝑥𝑗
. 

Therefore, the shear strain magnitude (𝜀𝑥𝑦,𝑚𝑎𝑥) can be expressed as [83]: 

𝜀𝑥𝑦,𝑚𝑎𝑥 = √(
𝜀𝑥̇𝑥 − 𝜀𝑦̇𝑦

2
)
2

+ 𝜀𝑥̇𝑦
2  (2.19) 

In this study, the 𝜀𝑥𝑦,𝑚𝑎𝑥 is calculated from the injector exit to near the flame base, 

as shown in Fig. 2.18. 

 

 

Fig. 2.18 Area used for calculating the shear strain magnitude (𝜀𝑥𝑦,𝑚𝑎𝑥).  
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2.6 Continuous Wavelet Transform 

When analyzing a signal of dynamic characteristics varying over time, such as 

transient phenomena, using a Fourier transform (FT) is possible to check only whether a 

modulation at a particular frequency has occurred, but not to analyze the frequency change 

over time. Therefore, short term Fourier transform (STFT) and wavelet transform (WT) are 

used to compensate for this limitation. STFT is a method of performing FT analysis after 

dividing a long signal, varying over time, into several short time signals. However, as 

reducing the signal length, the time resolution increases, but the frequency resolution 

decreases. Therefore, WT is used to solve these limitations. WT analyzes the frequency and 

magnitude of the signal at each time by finding the optimal conversion condition with 

varying the scale and position of the wavelet for simulating the signal. The WT can be 

categorized into a continuous wavelet transform (CWT) and a discrete wavelet transform 

(DWT) according to a difference in a method for determining a scale parameter. Since CWT 

analyzes with a finer sampling of scales than DWT, it can exhibit better analysis results of 

vibration characteristics than DWT. 

The continuous wavelet transform is developed as an alternative approach to the STFT 

to overcome the resolution problem [84]. The wavelet analysis is done in a similar way to 

the STFT analysis, in the sense that the signal is multiplied with a function, with the wavelet, 

similar to the window function in the STFT, and the transform is computed separately for 

different segments of time-domain signal [84]. 

𝐶(𝑎, 𝑏;  𝑓(𝑡), 𝛹(𝑡)) =  ∫ 𝑓(𝑡)
1

𝑎
𝛹∗ (

𝑡 − 𝑏

𝑎
)𝑑𝑡

∞

−∞

, (2.20) 

where C(a, b) is the CWT coefficient, a is the scale parameter, b is the position parameter, 

𝛹 is a wavelet which is called the mother wavelet, and * denotes the complex conjugate.  

In multiplying the wavelet, if the signal has a spectral component corresponding to 

the value a, the product of the wavelet at that position provides a relatively large value. 

Especially, in the transition process, such as sudden changes in flame shapes, perturbations 
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corresponding to a particular frequency occur and disappear in a very short time. In such 

cases, if the analysis is performed using a typical FT, the magnitude of the corresponding 

perturbation for the total time becomes smaller, making it difficult to distinguish from the 

noise and to determine when such perturbation occurs. Therefore, CWT is the most 

appropriate method to analyze the dynamic characteristics that occur and then disappear in 

a very short time or the dynamic characteristics that vary over time. By applying the CWT, 

it is very important to select the proper wavelet to perform an accurate analysis. Figure 2.19 

shows the changes in CWT results according to wavelets. 

 

 

Fig. 2.19 Change in CWT results according to wavelets; (a) Morlet wavelet, (b) bump 

wavelet, and (c) Gabor wavelet.  

 

The ‘Morlet’, ‘bump’, and ‘Gabor’ wavelets are used to compare the CWT results 

from the same input data. The ‘bump’ wavelet shows the highest resolution of frequency 

analysis, thus it is selected as the wavelet for CWT in this study. Therefore, in this study, 

the CWT, by bump wavelet, is applied for dynamic pressure signals to explore both the 

time and frequency domain characteristics. 
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2.7 Instability Prediction by 1D Lumped Network Model 

The most serious problem with rocket engines is the combustion instability, which 

arises because the pressure perturbation inside the combustion chamber is greatly amplified 

due to the interaction between the pressure perturbation and the heat release rate 

perturbation inside the combustion chamber. Combustion instability can interfere with 

mission success by causing abnormal thrust or, more seriously, an engine explosion [85, 

86]. Therefore, it is very important to understand the characteristics of combustion 

instability during the engine development. To determine the conditions for combustion 

instability experimentally, it takes a long time because the combustion tests should be 

conducted in the real combustor. Furthermore, if the explosion occurs by combustion 

instability, the engine should be re-manufactured, which resulted in a cost problem. 

Therefore, if the combustion instability can be predicted and explored, it is possible to 

design a very stable combustion system from combustion instability in advance. In addition, 

using the predicted characteristics of combustion instability, it is possible to control the 

operating condition to reduce the combustion instability during the operation. In order to 

predict the combustion instability, various attempts have been made. The lower order model 

[87], the direct method (RANS, LES) [88], the linearized equations in time domain [89] 

and the Helmholtz solver [90] have been studied to predict the combustion instability [62]. 

One example of predicting the combustion instability is to use OSCILOS (an open source 

combustion instability low order simulator; http://www.oscilos.com/) which is based on the 

1D lumped network method. 

OSCILOS is a code developed by the A.S. Morgans in Imperial College London to 

predict combustion instability in the frequency domain and time domain. The OSCILOS 

analysis was carried out through the CFD based FTF and the combustor geometry 

information, and it was confirmed that the instability frequency was successfully predicted 

[87]. OSCILOS identifies the characteristics of combustion instability by using combustor 

geometry information, thermal properties, flame characteristics, and boundary conditions 

of the combustor. The FTFs are measured experimentally under each condition and the 

http://www.oscilos.com/
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flame locations are also defined based on the flame and flow diagnostics results. For the 

boundary condition, the prediction analysis is conducted by assuming that the inlet and 

outlet are set as the open and closed boundary, respectively. In this analysis, only the 

longitudinal acoustic waves in the 1D plane are considered assuming that the radial 

perturbation is very small compared to the longitudinal perturbation. Furthermore, each 

combustion chamber is divided into a module and the continuity condition of each module 

boundary is considered using governing equation [87]. 
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CHAPTER 3 

CHARACTERISTICS OF FLAME SHAPES 

3.1 Background and Objectives 

Because the flame shape is a key parameter in determining combustion characteristics 

[91-93], several studies [91-96] have investigated the flame shape, flame characteristics, 

and their dependence on operating conditions. Typical flame shapes of non-premixed 

flames include detached and attached flames. The root of the flame is not anchored to the 

injector exit for a detached flame, while it is anchored to the injector exit for an attached 

flame. These have distinct static and dynamic stability characteristics. Moore and Kuo [92] 

and Moore et al. [93] showed that an increasing fuel-jet Reynolds number, from the annular 

region of a coaxial injector, produced a transition from an attached stable flame to a 

detached flame state with oscillations. Furthermore, in lean premixed pre-vaporized 

combustors with twin annular premixing swirlers, the main flame is anchored by a smaller 

non-premixed pilot flame, and for certain off-design conditions, this anchoring is unsteady, 

possibly causing combustion instability [97, 98]. In addition, the flame shape has been used 

to define the delay time between 𝑝′  and 𝑞′  inside the combustor [85], which 

subsequently determines whether combustion instability occurs [99, 100]. 

In previous studies on combustion characteristics, flame and combustion stabilities 

were assessed using the equivalence ratio [101] or O/F ratio [102]. However, the swirling 

flows commonly used to support flame stabilization feature several types of vortex 

breakdowns and frequently exhibit bifurcation, where a flame transition may occur 

spontaneously between different co-existing states, such as attached and detached, even 

under constant conditions [103, 104]. Such a flame is called a bistable flame. Consequently, 

it is impossible to determine combustion stability from only the O/F ratio, without also 

measuring the flame shape. Therefore, this study aims to improve combustion stability by 

identifying the causes of bifurcation and transition between flame shapes, which exhibit 
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distinct combustion characteristics despite existing under constant operating conditions. 

Tay-Wo-Chong and Polifke [105] investigated how the thermal wall boundary 

condition and combustor confinement impact FTFs for different flames in a perfectly 

premixed axial swirl burner, using LES. They showed that the two flame states had different 

flow fields and FTFs, yielding distinct stability characteristics. Previous studies [106-108] 

have experimentally explored precessing vortex core (PVC) occurrence during transitions 

between premixed V-shaped and M-shaped flames. Furthermore, the shape of a lean 

premixed flame has been varied depending on the type of shear layer where the flame 

occurs. Above a critical equivalence ratio, the flame kernel was found to expand to the 

outer recirculation zone (ORZ) and ignite the entire ORZ reactant region, resulting in flame 

shape transition [109]. Hermeth et al. [104] studied the bifurcation characteristics of 

bistable flames by varying the pilot fuel flow rate and acoustic perturbation strength, using 

LES in a lean swirl-stabilized gas turbine burner. They found an important relationship 

between flame states and thermoacoustic instabilities, where changes from one flame state 

to the other subsequently change the acoustic stability [104]. However, bifurcations of 

bistable flames have not yet been investigated sufficiently, despite engineers reporting their 

prevalence. Furthermore, LES-based studies [104, 105] have revealed a lack of sufficient 

experimental data to validate LES results, and only a limited range of acoustic perturbation 

strengths has been used [104] to investigate flame bifurcation thus far. Some works in the 

Swiss Federal Institute of Technology in Zurich (ETH Zürich) [110, 111] have explored 

thermoacoustic bistability in a lab-scale turbulent combustor at atmospheric pressure and 

attributed the bistable region to an amplitude-dependent phase difference and inertia effects. 

Additionally, studies done at the Indian Institutes of Technology (IITs) [112, 113] on the 

bifurcation of ducted laminar premixed flames found that the nonlinear interactions 

between combustion and acoustics caused bifurcations in the pressure oscillations 

characteristics. In addition, Bennewitz et al. [114, 115] reported the possibility that external 

acoustic modulation could reduce the combustion instability through the analytical and 

experimental approach. 

Although the effects of fuel staging [116] and airflow modulation [117] on non-



 40 

premixed flame shapes have been recently investigated experimentally, only the transition 

from one state of flames (detached or attached flames) has been considered, and transition 

from the other state has not been studied. Furthermore, the modulation strength and the 

change in flame shapes under the transition owing to the modulation have not been 

measured, and the effects of the O/F ratio and velocity difference between oxidizer and fuel 

(ΔV) have not been considered. So, the bistable characteristics of non-premixed flames, 

which are primarily used in most propulsion systems with coaxial injectors, have not been 

sufficiently explored. Therefore, this study experimentally investigates the characteristics 

of non-premixed methane-oxygen flame shapes, formed by a recessed coaxial injector at 

the lab-scale single element combustor. 
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3.2 Experimental Methods 

The atmospheric single element combustor used in this study is shown in Fig. 3.1. The 

square cross-section of the combustor is 80 × 80 mm2 and quartz windows are employed 

on the sidewalls for optical access. The downstream of the combustor is set as an open 

boundary condition. Acoustic perturbations are applied with a speaker (Sammi, NFS-300) 

for single frequency modulation under oxygen flow. The overall schematic of the injector 

used in this study is provided in Figs. 2.2(b-d) and 2.10. 

 

 

Fig. 3.1 Schematic of the single element combustor with acoustic modulation device. 

 

Gaseous oxygen (O2, 50 slpm, purity > 99.9 mol%) and gaseous methane (CH4, 6–35 

slpm, purity > 99.95 mol%) at 290 ± 5 K are supplied by a MFC (LineTech, M3300V, 

uncertainty = ± 1% of full range) through a center jet and an annular swirled jet, respectively. 

The reference attached and detached flames are formed under a constant condition 

(reference condition: 𝑉̇𝑂2
 = 50 slpm, 𝑉̇𝐶𝐻4

 = 35 slpm). Two static pressure sensors (SP) 

(VALCOM, VPRQ-A5-5bar, uncertainty = ± 0.8%) and two dynamic pressure sensors (DP) 

(PCB, 102A05, uncertainty = ± 1%) are used to measure the static pressure and the pressure 

perturbation, respectively, at both the inlet and inside the combustor, at 10 kHz rates. The 

CMOS camera signals are measured along with the pressure signals so that the pressure 
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corresponding to each OH-PLIF and OH* chemiluminescence images can be identified. 

The time interval between the images in each PIV pair (dt) is 10 μs. Direct images are 

obtained using a digital single-lens reflex (DSLR) camera (Canon, EOS 7D).  

In this study, the effects of O/F ratio and acoustic modulation strength are investigated. 

For the O/F ratio variation tests, the oxygen flow rate is fixed as 50 slpm while the methane 

flow rate decreases from 35 to 6 slpm for increasing the O/F ratio from 2.85 to 16.6. For 

the acoustic modulation strength variation tests, the oxygen and methane flow rates are 

fixed as 50 and 35 slpm, respectively. The frequency of acoustic modulation is 200 Hz, and 

the strength (𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ ), which represents the strength of oxygen velocity perturbations (𝑢𝑜𝑥

′ ) 

relative to the average velocity (𝑢̅𝑜𝑥) inside the oxygen feed line, is varied from 0 to 100%. 

The detailed test conditions of this chapter are summarized in the Table 3.1. 

 

Table 3.1 Summary of the bistable flame test conditions. 

Parameters O/F ratio 
Acoustic modulation 

strength 
Unit 

Combustor exit condition Open end - 

Oxygen flow rate 

(Bulk velocity at injector exit) 

50 

(42.4) 

slpm 

(m/s) 

Methane flow rate 

(Bulk velocity at injector exit) 

6 ~ 35 

(9.8 ~ 57.1) 

35 

(57.1) 

slpm 

(m/s) 

O/F ratio 2.85 ~ 16.6 2.85 - 

Inlet temperature 290 K 

Oxygen Reynolds number 13,280 - 

Methane Reynolds number 3,989 ~ 23,268 23,268 - 

Modulation Frequency - 200 Hz 

Modulation strength 

(𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ ) 

- 0 ~ 100 % 
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3.3 Shapes of Methane-Oxygen Flame 

Despite the constant volume flow rates of oxygen and methane, 𝑉̇𝑂2
 = 50 slpm and 

𝑉̇𝐶𝐻4
 = 35 slpm, respectively, used in this work, both attached and detached flames are 

formed. Direct, OH-PLIF, and PIV images of each flame shape are shown in Fig. 3.2. The 

attached and detached flames are defined as being attached to and lifted off, though not 

blown off, from the injector rim, respectively. 

 

 

Fig. 3.2 Bistable flame shapes of the (a) attached and (b) detached flame for the reference 

case, with O/F ratio = 2.85, 𝑉̇𝑂2
 = 50 slpm, and 𝑉̇𝐶𝐻4

 = 35 slpm. Top row: direct images. 

Bottom row: time-averaged OH-PLIF and PIV images. 
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The root mean squares (RMS) and the peak value of the pressure were 1.75 and 10.4 

times stronger, respectively, in the detached flame than those in the attached flame, 

representing more significant pressure perturbations, 𝑝′. Additionally, both average and 

RMS of the OH* chemiluminescence intensities, measured by the PMT, were 2.71 times 

stronger in the detached flame than those in the attached flame, representing more 

significant heat release rate perturbations, 𝑞′. Thus, in the present study, the attached flame 

was considered stable, with weak pressure and heat release perturbations, 𝑝′  and 𝑞′ , 

while the detached flame was considered unstable, with strong 𝑝′ and 𝑞′ despite constant 

flow conditions as shown in Fig. 3.3. The dominant frequency of these perturbations under 

the detached flame, without external modulation, was measured to be 830 Hz. 

 

 

Fig. 3.3 Time-series data and FFT results for (a) pressure and (b) heat release rate 

corresponding to both attached and detached flames. 

 

Figures 3.4(a) and 3.4(b) show the methane velocity at the methane feed line when 

the attached and detached flames are formed, respectively. During the ignition process, the 

attached and detached flames are formed randomly despite the constant ignition condition. 

As shown in Fig. 3.4, the tendency of the initial increase in the methane flow rate supplied 
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by the MFC, when the main flame is formed, is measured to identify the difference in the 

process of flame formation. If 𝑉̇𝐶𝐻4
 was gradually increased initially by the MFC, an 

attached flame was formed initially under the high O/F ratio and then transitioned into the 

reference attached condition (Fig. 3.4(a)). However, if 𝑉̇𝐶𝐻4
 was rapidly increased, the 

detached flame was initially formed at a low O/F ratio and then transitioned into the 

reference detached condition (Fig. 3.4(b)). The difference in flame shape according to O/F 

ratio will be discussed in Chapter 3.4. Furthermore, the tendency of forming an attached 

flame increased after conducting the long-term combustion test. In other words, the thermal 

conditions of injector rim might impact the formation of bistable flames. 

 

 

Fig. 3.4 Flow velocity at the methane feed line for (a) attached and (b) detached flames. 

 

Figures 3.5(a) and 3.5(b) show the instantaneous and phase-averaged OH* 

chemiluminescence images, respectively, of the detached flame without external 

modulation, and Fig. 3.5(c) provides the spatially-integrated OH* intensity spectrum along 

the Y-axis in Fig. 3.5(b). 
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Fig. 3.5 (a) Instantaneous and (b) phase-averaged OH* chemiluminescence signals obtained 

near the base of the detached flame in the red-dashed box (55 mm × 45 mm) denoted in 

Fig. 3.2(b). (c) Spatially-integrated OH* intensity spectrum along the Y-axis of Fig. 3.5(b). 
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According to the Figs. 3.5(a) and 3.5(b), the flame kernel was formed at the flame 

base which was determined by OH-PLIF, and it propagated to the downstream with 

increasing the size. The flame kernel propagation could be also identified by Fig. 3.5(c) 

where the location of flame kernel was denoted by the colored circle: blue, red, and green 

circles are the previous, present, and new flame kernel, respectively. Clearly, one cycle of 

flame kernel formation and propagation covered 12 frames, representing 833.33 Hz cycles 

and coinciding with the perturbation frequencies of pressure and heat release rate as shown 

in Fig. 3.3. Thus, the flame shape variation could be attributed to the perturbations of 

pressure and heat release rate. 

Figure 3.6 shows the temperatures and perturbation frequencies with varying the 𝑉̇𝑂2
 

or 𝑉̇𝐶𝐻4
, respectively, while keeping the other flow rate constant. As shown in Fig. 3.6(a), 

when the 𝑉̇𝑂2
 was constant, the temperature decreased as increasing the O/F ratio owing 

to an decrease in the total amount of heat input, which caused an decrease in the 

perturbation frequency (red triangle) as shown in Fig. 3.6(b). Conversely, with varying the 

𝑉̇𝑂2
 when 𝑉̇𝐶𝐻4

 was constant, the temperature was highest at O/F ratio = 4 (stoichiometry) 

and then the temperature decreased slightly as the total flow rate increased owing to the 

constant heat input as shown in Fig. 3.6(c). Therefore, the perturbation frequency (red 

triangle) was almost constant or slightly decreased as shown in Fig. 3.6(d). 

Because the temperature was measured near the wall of the combustor, there would 

have been a difference from the actual temperature inside the combustor. Therefore, there 

was a difference between the measured frequency of the pressure perturbation (red triangle) 

and the calculated resonant frequency using measured temperature (black circle) as shown 

in Fig. 3.6(b) and 3.6(d). To correct this, the temperature was modified by adding a value 

obtained by multiplying the temperature difference between the measured temperature and 

room temperature by a particular constant which was selected by the least square method 

to minimize the error. The resonant frequency calculated using the modified temperature 

(blue square) was similar to the measured perturbation frequency (red triangle) in both 

cases. As a result, it is confirmed that the perturbation frequency inside the combustor 
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coincides with the resonant frequency of the combustor. 

 

 

Fig. 3.6. Variation in (a), (c) temperature and (b), (d) frequency with varying the O/F ratio 

while keeping oxygen or methane flow rate constant, respectively. 
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3.4 Bifurcation due to O/F Ratio Variation 

Structural changes in the flames resulting from increased O/F ratios are investigated 

by decreasing the methane flow rate from the level used in the reference bistable flames 

shown in Fig. 3.2. As shown in Fig. 3.7(a), the attached flame was maintained its state of 

attachment to the injector rim owing to the low-speed recirculation zone on the oxygen post 

tip despite these changes to the O/F ratio, but the detached flame underwent a flame shape 

transition and became anchored for O/F ratios above 6.23. Figure 3.7(b) shows a bifurcation 

diagram for the pressure perturbation inside the combustor according to the O/F ratio. 

 

 

Fig. 3.7 (a) Variation of flame shape and (b) bifurcation diagram based on pressure 

perturbation for varied O/F ratios with 𝑉̇𝑂2
 = 50 slpm. 
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In the case of the attached flame, the bifurcation characteristics did not occur because 

the magnitude of the pressure fluctuation inside the combustor continuously changed with 

varying the O/F ratio. However, in the case of a detached flame, the pressure perturbation 

continuously changed up to the O/F ratio of 6.23, but after that, as the flame shape was 

rapidly changed, the pressure perturbation also rapidly changed, which represented a 

subcritical Hopf bifurcation. 

Since the injector used in this study has a 5 mm recess, it is not possible to measure 

the velocity of the two flows at the exit of oxygen post where oxygen and methane meet. 

Therefore, using a non-recessed injector with an increased length of the oxygen post, the 

flow velocities of oxygen and methane at the injector exit are measured through PIV to 

infer the velocities inside the recess. Figure 3.8(a) shows the ΔV calculated by subtracting 

the methane velocity from oxygen velocity, which are measured respectively via 

independent PIV according to the O/F ratio. 

In the coaxial injector used in this study, the flow velocities of oxygen and methane 

are near equal when the O/F ratio is 4; thus, ΔV increases as the O/F ratio deviates from 4. 

As shown in Fig. 3.8(b), larger ΔV values can cause stronger mixing between oxygen and 

methane in the inner shear layer, which can cause strong turbulent mixing [118] and 

subsequently produce the flammable condition, where a flame can form. Furthermore, 

according to previous research [119], an increased ΔV between two streams causes the 

shear layer to spread more rapidly into the low-speed region, and the growth rate of the 

shear layer increases linearly with ΔV. As shown in Fig. 3.8(c), the flame base was pulled 

towards the injector as the ΔV increased, which might be attributed to increased mixing 

strength. Therefore, the transition from a detached to attached flame, denoted as the D-A 

transition, occurred when ΔV > 20 m/s. 
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Fig. 3.8 (a) Velocity difference between oxygen and methane for varied O/F ratios with 

𝑉̇𝑂2
 = 50 slpm. (b) Schematic of mixing regimes in the coaxial injector adapted from the 

previous study [120] and (c) flame base location for varied ΔV with 𝑉̇𝑂2
 = 50 slpm. 

 

To determine the mixing strength between oxygen and methane for different flame 

shapes, the 𝜀𝑥𝑦,𝑚𝑎𝑥  is calculated using the velocity gradient measured by PIV (these 

calculations are discussed in Chapter 2.5). Figures 3.9(a) and 3.9(b) show the time-

averaged 2D 𝜀𝑥𝑦,𝑚𝑎𝑥  and spatially-integrated 𝜀𝑥𝑦,𝑚𝑎𝑥  spectrum along the Y-axis of the 
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attached and detached reference flames, respectively, in the red-dashed box denoted in Fig. 

2.18. For the attached flame in Fig. 3.9(a), the shear strength near the injector exit was 

maximal, promoting strong mixing between oxygen and methane [118], increasing the 

chemical reaction rate [100, 121], and thus enabling the flame to form near the injector exit, 

producing an attached flame. However, for the detached flame in Fig. 3.9(b), the shear 

strength near the injector exit was small, and the shear strength was distributed until the 

flame formed. The mixing between methane and oxygen at the injector exit was insufficient 

for flame formation; thus, it formed in the middle of the combustor, away from the injector 

exit. 

 

 

Fig. 3.9 Shear strain magnitude (𝜀𝑥𝑦,𝑚𝑎𝑥), obtained by PIV, for (a) attached and (b) detached 

reference flames with O/F ratio = 2.85, 𝑉̇𝑂2
 = 50 slpm, and 𝑉̇𝐶𝐻4

 = 35 slpm. Top row: 

time-averaged 2D 𝜀𝑥𝑦,𝑚𝑎𝑥. Bottom row: spatially-integrated 𝜀𝑥𝑦,𝑚𝑎𝑥 spectrum along the 

Y-axis. 
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The detached flame fluctuated despite the absence of any external excitation. Figure 

3.10(a) shows the 𝑝′ 𝑝̅⁄ , which represents the strength of the pressure perturbations (𝑝′) 

relative to the average pressure ( 𝑝̅ ) inside the combustor during the D-A transition. 

Furthermore, 𝑝′ 𝑝̅⁄  was moderate for the detached flame (Fig. 3.10(a)(i)); increased in the 

fluctuating region (Fig. 3.10(a)(ii)), then, decreased gradually during the transition process 

(Fig. 3.10(a)(iii)) before reaching a minimum for the attached flame (Fig. 3.10(a)(iv)). The 

𝑝′ 𝑝̅⁄  frequency in the fluctuating region in Fig. 3.10(a)(ii) was measured as about 670 Hz 

by conducting a 1-D CWT analysis, as shown in Fig. 3.10(b). 

 

 

Fig. 3.10 (a) Variation in strength of pressure perturbation (𝑝′ 𝑝̅⁄ ) for (i) detached flame, (ii) 

a fluctuating flame, (iii) the transition region, and (iv) an attached flame. (b) Perturbation 

frequency for the same time range covered in Fig. 3.10(a) for a transition from a detached 

to attached flame. The O/F ratio was continuously increased from 6.23 to 7.12. 



 54 

Since the combustor used in this study has a closed-open boundary condition with an 

open end, the resonant frequency can be calculated through Eq. (3.1). 

𝑓 =  
(2𝑛 − 1) ∙ 𝑐

4𝐿
, (3.1) 

where L is the combustor length, c is the sound speed, and n is a positive integer. 

The modified temperature inside the combustor was measured to be about 800 K, and 

the length of the combustion chamber is 225 mm, so the fundamental resonant frequency 

was calculated as 651.1 Hz. Therefore, it is confirmed that the frequency of perturbation 

corresponds to the resonant frequency of the combustion chamber. 

To investigate the fluctuation, the Strouhal number (St) is measured, which describes 

oscillating flow mechanisms and is defined as in [122]: 

𝑆𝑡 = 
𝑓𝑣 ∙ 𝐷

∆V
, (3.2) 

where fv is the vortex shedding frequency and D is the oxygen post diameter. 

The vortex in the shear layer is the most unstable where the St was between 0.1 and 

0.3 [8, 122], which is called the preferred mode [123]. In this case, the St was calculated as 

approximately 0.18 at fv = 670 Hz, indicating that fluctuations in the transition region can 

be attributed to vortex shedding in the shear layer. 

To determine the cause of the change in the perturbation strength, the effect of the 

vortex shedding on the perturbation strength is investigated by calculating the St, and then 

the vortex shedding is measured through PIV. First, the D-A transition was observed under 

various constant 𝑉̇𝑂2
 conditions including 50 slpm as 𝑉̇𝐶𝐻4

 decreased. Figure 3.11 shows 

St numbers under each 𝑉̇𝑂2
 condition when the D-A transition occurred (𝑆𝑡𝑡𝑟𝑎𝑛) and when 

the maximum pressure perturbation occurred before the transition (𝑆𝑡𝑚𝑎𝑥), respectively. 

When 𝑉̇𝑂2
 was small, the strongest pressure perturbation occurred just before the D-A 

transition. However, when 𝑉̇𝑂2
 became large, the D-A transition occurred at larger ΔV 
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than that at which the maximum pressure perturbation occurred. Therefore, the pressure 

perturbation strength at the D-A transition was smaller than the maximum strength. 

 

 

Fig. 3.11 St numbers under each 𝑉̇𝑂2
 condition when the D-A transition occurred (𝑆𝑡𝑡𝑟𝑎𝑛) 

and when the maximum pressure perturbation occurred before the transition (𝑆𝑡𝑚𝑎𝑥 ), 

respectively. 

 

Two conditions are required for D-A transition to occur. The first is that the flame 

must be formed near the injector exit, and the second is that there must be a perturbation of 

the flame. However, if either condition becomes extreme, the influence of the other 

condition becomes less. In other words, if the ΔV becomes very large, the flame may attach 

to the injector even if the perturbation is small, so that a D-A transition may occur. In 

contrast, even if the flame is away from the injector, the D-A transition can occur owing to 

the strong perturbation. When the ΔV satisfies the preferred mode, resonance occurs 

between the vortex shedding in the shear layer and the combustor, resulting in a rapid 

increase in pressure perturbation in the combustor. Furthermore, when the overall flow rate 

is small, the flame is easily pulled towards the injector. 
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When the 𝑉̇𝑂2
 was less than 40 slpm, a larger ΔV was required to satisfy the preferred 

mode condition than the D-A transition. However, under the condition just before the D-A 

transition, the flame was sufficiently pulled near the injector and the pressure perturbation 

was strong enough for the flame to attach to the injector. Therefore, the pressure 

perturbation was maximum at the D-A transition condition, so 𝑆𝑡𝑡𝑟𝑎𝑛 and 𝑆𝑡𝑚𝑎𝑥 are the 

same. However, when the 𝑉̇𝑂2
 was between 40-50 slpm, the flame was pushed 

downstream owing to the increase in the overall flow rate, so a larger ΔV was required for 

the flame to form near the injector, and the D-A transition condition and the preferred mode 

condition coincided. When the 𝑉̇𝑂2
 was greater than 50 slpm, even though the preferred 

mode condition occurred, the D-A transition did not occur because the flame was pushed 

downstream due to the increase in the overall flow velocity. Although a further increase in 

ΔV reduced pressure perturbation strength, it pulled the flame further toward the injector, 

resulting in the D-A transition. Therefore, 𝑆𝑡𝑚𝑎𝑥  was kept between 0.1 and 0.3, but 

𝑆𝑡𝑡𝑟𝑎𝑛 decreased gradually since a larger ΔV was required for D-A transition as increasing 

the 𝑉̇𝑂2
. In consequence, ΔV is a key parameter to determine the pressure perturbation. 

Figure 3.12 shows streamlines for the bottom half of a detached flame, before the 

transition, obtained via PIV measurements. For the time-averaged streamline (Fig. 3.12(a)), 

the flow rotation was measured. Figures 3.12(b) and 3.12(c) show the instantaneous and 

phase-averaged streamline images, respectively. Clearly, a vortex formed near the flame 

base and propagated downstream. After the vortex moved downstream for 7 frames, a new 

vortex formed near the flame base and repeated the propagation process. Because these 

PIV measurements are conducted at 5 kHz, a 7-frame cycle corresponds to 714 Hz; thus, 

the detached flame, before transition, exhibits vortex perturbation at a frequency that is 

similar to that of 𝑝′. Therefore, just before the D-A transition with 𝑉̇𝑂2
 = 50 slpm, the 

strength of the pressure perturbation was amplified because the preferred mode of vortex 

shedding in the shear layer between the two flows coincided with the resonant frequency 

of the combustor. 
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Fig. 3.12 (a) Time-averaged, (b) instantaneous, and (c) phase-averaged streamlines for the 

bottom half of the detached flame, with an O/F ratio = 6.23. 
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The images in Figs. 3.13 and 3.14 are obtained simultaneously with the 𝑝′ 𝑝̅⁄  

measurements in Fig. 3.10(a). Figure 3.13 shows one cycle of the pressure and measured 

flame shape, obtained by OH* chemiluminescence and OH-PLIF, for the fluctuating region 

represented in Fig. 3.10(a)(ii). Although OH* chemiluminescence and OH-PLIF cannot be 

measured simultaneously due to the limitation of possessed equipment, two images of the 

same phase show a more detailed change in flame shape. The flame movement is analyzed 

by a previously reported method [124], based on pressure variations measured upstream 

and downstream of the combustor. The flame was pulled towards the injector because the 

pressure inside the combustor was greater than that at the inlet for the 0°–180° phase (Figs. 

3.13(a) and 3.13(b)). However, as shown in Figs. 3.13(a) and 3.13(c), the pressure at the 

inlet was greater than that inside the combustor for the 180°–360° phase; thus, the flame 

propagated downstream. Consequently, in the fluctuating region, the flame continuously 

moved back and forth because of the pressure changes at the inlet and inside of the 

combustor. Furthermore, the strength of 𝑝′ 𝑝̅⁄  increased until the transition was reached. 

Figure 3.14 demonstrates how the flame shape changes at the beginning of the 

transition region (Fig. 3.10(a)(iii)) as the O/F ratio increases continuously from 6.23 to 7.12. 

As shown in Figs. 3.14(a)–(c), the flame was pulled towards the injector, as in Fig. 3.13(b). 

In this case, however, the flame contacted the injector because of the strong 𝑝′ 𝑝̅⁄  (Fig. 

3.14(c)), and could ignite the oxygen and methane inside the injector to form an attached 

flame, as shown in Figs. 3.14(d)–(f). After this attached flame formation, 𝑝′ 𝑝̅⁄  decreased; 

thus, the attached flame retained its state and additional flame shape transitions did not 

occur with further O/F ratio and ΔV increased. 
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Fig. 3.13 (a) A single pressure variation cycle at the inlet and inside of the combustor, and 

(b-c) OH* chemiluminescence and OH-PLIF images of the detached flame in the 

fluctuating region (Fig. 3.10(a)(ii)) for (b) 0°–144° and (c) 216°–360°. 
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Fig. 3.14 Flame shape changes, measured by OH* chemiluminescence and OH-PLIF, at the 

beginning of the transition region (Fig. 3.10(a)(iii)). 
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3.5 Bifurcation due to Acoustic Modulation 

Flame shape deviations from the reference bistable flames in Fig. 3.2 are also 

investigated by varying the modulation strength under central oxygen flow, defined as the 

strength of oxygen velocity perturbations (𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ ), calculated by dividing the velocity 

fluctuation (𝑢𝑜𝑥
′ ) by the average velocity (𝑢̅𝑜𝑥) in the oxygen feed line, which are measured 

by a HWA (Dantec, MiniCTA). A speaker is employed, and its voltage varies to control 

𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  between 0 and near 100%. To exclude the resonance effect between the vortex 

and the combustion chamber and to consider only the perturbation effect of the flow, the 

modulation frequency is selected as not corresponding to the resonant frequency and 

preferred mode. Also, the speaker produces the strongest modulation at the 200 Hz for the 

same voltage. Furthermore, the flame has the characteristics of a low pass filter [49], so the 

flame does not have enough time to react to the external high-frequency perturbation 

resulting in the small perturbation. Therefore, a low frequency of 200 Hz is selected. 

 

 

Fig. 3.15 Variation of flame shape for varied acoustic modulation strength. 𝑓𝑒𝑥𝑡 = 200 Hz, 

O/F ratio = 2.85. 



 62 

As shown in Fig. 3.15, when 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  = 80%, a pulsed detached flame attached to 

the injector rim and became a pulsed attached flame. However, for above 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  = 93%, 

a pulsed attached flame detached from the injector rim and became a pulsed detached flame. 

Figure 3.16 shows the bifurcation diagram through the pressure perturbation strength 

inside the combustor. As for the attached flame, the strength of pressure perturbation inside 

the combustor was proportional to the acoustic modulation strength. However, under more 

than 93% of acoustic modulation, the attached flame was transferred to the detached flame, 

and the pressure perturbation increased rapidly, resulting in the subcritical Hopf bifurcation. 

As for the detached flame, since it was maintained up to about 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  = 60%, the 

pressure perturbation inside the combustor increased in proportion to the acoustic 

modulation strength. However, when 80% of acoustic modulation was applied, the pressure 

perturbation inside the combustor rapidly decreased owing to the transition to the attached 

flame, so subcritical Hopf bifurcation occurred. When more than 93% of acoustic 

modulation was applied after the D-A transition, the pressure perturbation was 

discontinuously increased owing to the transition from attached to detached flame (A-D 

transition), resulting in subcritical Hopf bifurcation. 

 

 

Fig. 3.16 Bifurcation diagram for varied acoustic modulation strength. 𝑓𝑒𝑥𝑡 = 200 Hz, O/F 

ratio = 2.85. 
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Figures 3.17(a) and 3.17(b) show the cycles of shape changes for a pulsed detached 

flame with 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  = 60% and a pulsed attached flame with 𝑢𝑜𝑥

′ 𝑢̅𝑜𝑥⁄  = 80%, 

respectively. As shown in Fig. 3.17(a), pulsed detached flames repeatedly formed at the 

constant auto-ignition location inside the combustor and propagated by burning off external 

unburned gas in cycles that correspond to the external acoustic modulation. Contrarily, 

pulsed attached flames were extended and then broken by the modulation. A small portion 

of the flame, however, remained anchored to the injector rim, denoted by the white circle 

in the first image of Fig. 3.17(b); thus, the next flame also formed as attached. 

 

 

Fig. 3.17. One cycle of flame shape variation for a pulsed (a) detached flame with 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  

= 60% and (b) attached flame with 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  = 80%. 𝑓𝑒𝑥𝑡 = 200 Hz, O/F ratio = 2.85. 

 

The auto-ignition location of the pulsed detached flame shown in Fig. 3.17(a) is shown 

in Fig. 3.18 for varied 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ . Under moderate 𝑢𝑜𝑥

′ 𝑢̅𝑜𝑥⁄ , the auto-ignition location 

moved upstream with increasing 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ . The flammable region may be pulled towards 

the injector by increased mixing between oxygen and methane flows [125] and by the 
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suction force caused by acoustic perturbations. However, strong 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  can interrupt 

the chemical reaction [117], causing local extinction at the injector rim and near the injector 

exit despite the strong suction force. Therefore, under strong perturbations, auto-ignition 

was pushed downstream with increasing 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ , contrary to the trend exhibited under 

moderate perturbations. 

 

 

Fig. 3.18 Auto-ignition location for varied 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ . 𝑓𝑒𝑥𝑡 = 200 Hz, O/F ratio = 2.85. 

 

Figure 3.19 shows the amount of the previous flame remaining anchored to the 

injector rim, before the next flame was formed, for varied 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  for the attached flame. 

As 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  increased, a smaller amount of the previous flame remained anchored to the 

injector rim before the new flames formed, because the flame was pulled more toward the 

injector due to stronger suction forces and mixing. 
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Fig. 3.19 Amount of previous pulsed attached flame remaining anchored to the injector rim 

for varied 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ : (a) 0°, 𝑢𝑜𝑥

′ 𝑢̅𝑜𝑥⁄  = 80%; (b) 0°, 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  = 90%. 𝑓𝑒𝑥𝑡 = 200 Hz, 

O/F ratio = 2.85. 

 

Figure 3.20 shows ΔV for varied 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ . ΔV was calculated using the mass flow 

rate of oxygen and methane because it was difficult to measure the velocity change owing 

to the external acoustic modulation through PIV in real-time and the velocity of oxygen 

and methane measured by PIV in Chapter 3.4 was similar to the bulk velocity.  

 

 

Fig. 3.20 Velocity difference (ΔV) for varied 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ . 𝑓𝑒𝑥𝑡 = 200 Hz, O/F ratio = 2.85. 
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For 𝑉̇𝑂2
 values much smaller than 𝑉̇𝐶𝐻4

, flames are primarily formed in the outer, 

rather than inner (Fig. 3.8(b)), shear layer; thus, these flames are not attached [92], so the 

maximum oxygen velocities are used to calculate ΔV to determine the mixing strength in 

the inner shear layer. Thus, the D-A transition occurred when the ΔV > 20 m/s, as shown 

in Fig. 3.20, which agrees with the results for O/F ratio variation (Fig. 3.8(a)). When 

𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  exceeded 90%, the flame might not be able to form due to excessive or 

insufficient oxygen supply and the normal chemical reactions were hindered near the 

injector because of local extinction [126], possibly causing the A-D transition [117]. 

Figure 3.21 shows the OH* chemiluminescence and OH-PLIF images for flame shape 

changes during the D-A transition (moderate perturbation, Fig. 3.21(a)) and A-D transition 

(strong perturbation, Fig. 3.21(b)). 

As shown in Fig. 3.17(a), the detached flame could not reach the injector under weak 

modulation, but increasing 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  (Fig. 3.18) allowed the flame to pull towards the 

injector. Therefore, when 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  > 80% (Fig. 3.21(a)), the detached flame could reach 

the injector and burn off the oxygen and methane inside the recess at t = 0.8 ms, thereby 

undergoing the D-A transition and forming an attached flame. The flame base at t = 1.6 ms 

had the same width as that of the attached flame; thus, the transition was determined to 

occur at t = 1.6 ms, and the flame at t < 1.2 ms was considered to be in the previous 

transition stage. These results agree with the trend shown in a previous LES study [104], 

which was not identified in a previous experimental study [117]. Notably, the bistable 

characteristics of flames under constant conditions have not been satisfactorily examined 

for non-premixed flames; thus, results for premixed flames [104, 117] are used here for 

comparison. Contrarily, as shown in Fig. 3.19, as 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  increased under pulsed 

attached flames, a smaller amount of a previous flame remained anchored to the injector 

rim before a new pulsed attached flame formed. Therefore, as shown in Fig. 3.21(b), when 

𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  > 93%, a new flame formed (t = 1.2 ms) without any previous flame (t = 0.8 ms) 

because of the strong modulation. Consequently, this flame became detached at t = 1.6 ms. 

The flame was still near the injector at t = 1.2 ms; thus, the flame at t = 1.6 ms was 
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determined to have undergone the A-D transition. Furthermore, the detached flame 

propagated to the combustor downstream, it could burn off the external unburned gas, and 

the flame speed was the same as the flow velocity so that the flame could no longer be 

attached to the injector rim and remained in the detached state (A-D transition). This result 

agrees with the trend shown in a previous experimental study [117], which was not 

identified in a previous LES study [104] because the 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  range was too narrow to 

observe this phenomenon. 

 

 

Fig. 3.21 Flame shape changes under transitions (a) from detached to attached (D-A 

transition, 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄  = 80%) and (b) from attached to detached (A-D transition, 𝑢𝑜𝑥

′ 𝑢̅𝑜𝑥⁄  

= 93%). 𝑓𝑒𝑥𝑡 = 200 Hz, O/F ratio = 2.85. 
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To understand the causes of the flame attaching and then detaching as the external 

acoustic modulation increased, the suction velocity is calculated through the difference 

between the flame speed and the flow velocity when the external flow is inhaled upstream. 

The flame speed is determined by measuring the flow velocity at the flame base via PIV 

without external modulation assuming that flame speed is the same as the flow velocity at 

the flame base because the detached flame in this study does not blow off or flashback. The 

theoretical suction distance is calculated through the product of the RMS value of the 

suction velocity and the half-period of the perturbation frequency. As shown in Fig. 3.22, 

the suction length increased linearly with the strength of external acoustic modulation. It 

can be seen that the flame was attached when the suction length was greater than the 

distance between the flame base without acoustic modulation and the oxygen post. 

Therefore, when the flame reached the oxygen post owing to the external acoustic 

modulation, the flame was anchored to the oxygen post by igniting oxygen and methane 

inside the recess, thereby forming the attached flame. In contrast, when the strength of the 

acoustic modulation exceeded 93%, a strong upstream pressure perturbation occurred and 

∆p increased, resulting in a flow separation where 
𝑑𝑝

𝑑𝑥
> 0 at the oxygen post. Therefore, 

the A-D transition might occur as the flame anchoring was separated from the oxygen post. 

 

 

Fig. 3.22 Suction length for varied 𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ . 𝑓𝑒𝑥𝑡 = 200 Hz, O/F ratio = 2.85. 



 69 

In this study, characteristics of flame shapes are investigated experimentally for 

methane–oxygen flames formed by a recessed coaxial injector. In conclusion, flame shape 

is a key parameter to consider, in conjunction with the O/F ratio, in evaluating combustion 

characteristics. In particular, flame stability characteristics can be adjusted by controlling 

the flame shape through ΔV variation or external modulation application; varying ΔV can 

cause the transition from detached to attached flames, while the acoustic perturbations can 

cause the transitions in both directions. Thus, flames formed by recessed coaxial injectors 

can be stabilized by controlling the operating conditions or external disturbances, despite 

the constant geometric conditions. 
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CHAPTER 4 

EFFECT OF DELAY TIME ON INSTABILITY 

CHARACTERISTICS 

4.1 Background and Objectives 

Research on combustion instability, which is the largest problem in the development 

of liquid rockets and dry low nitrogen oxide (NOx) gas turbine engines, is being conducted 

since the discovery of combustion instability in the late 1930s [127]. The understanding of 

the combustion instability mechanism has been improved through many studies in which 

various analytic methods such as time-lag analysis have been used [9, 10]. Time-lag 

analysis [11] involves interpreting the combustion instability mechanism based on the delay 

time between the 𝑝′ and 𝑞′ inside the combustor. Figure 4.1 shows the waveforms for 

time-lag analysis performed using disturbances (𝑝′, mass flow, equivalence ratio (ϕ), and 

𝑞′). 

 

Fig. 4.1 Waveforms of disturbances for time-lag analysis [10]. 
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Each disturbance lags behind the previous one, resulting in the delay time (delay time 

from pressure at flame to pressure at injector (𝜏𝑐𝑖), delay time from pressure to mass flow 

modulation at injector (𝜏𝑝𝑣), 𝜏𝑐𝑜𝑛𝑣𝑒𝑐𝑡, and equivalent delay time (𝜏𝑒𝑞)). Time-lag analysis 

using the 𝜏𝑡𝑜𝑡𝑎𝑙, which is the summation of all delay times, can be conducted by measuring 

the FTF [128] or by calculating the delay time using the measured flame structure and 

speed [9]. 

Lieuwen and Zinn [9] and Lieuwen [10] investigated combustion instability 

characteristics using the measured delay time and found that the range of the delay time in 

which instability occurred depended on the inlet conditions; if the fuel injector is unchoked, 

𝜏𝑐𝑖 and 𝜏𝑝𝑣 can be neglected. Due to the perturbation in the flame, fluctuation occurs at 

the oxidizer and fuel, so the perturbation of the equivalence ratio can be expressed as Eq. 

(4.1). 

𝜙′

𝜙̅
=  

𝑚𝑓
′

𝑚̅𝑓
−

𝑚𝑜
′

𝑚̅𝑜

1 +
𝑚𝑜

′

𝑚̅𝑜

 , (4.1) 

where 𝑚𝑓 and 𝑚o are the flow rate of fuel and oxidizer, respectively. 

Under the conditions where the fuel flow rate is less than the oxidizer flow rate, the 

change in the fuel flow rate has a dominant effect on the change in the equivalence ratio. 

Therefore, it can be assumed that there is no phase difference between the fuel flow rate 

and the equivalence ratio. 

In addition, if the fuel injector is not choked, the fuel flow rate can be expressed as Eq. 

(4.2) using the pressure difference between the feed line and combustor. 

𝑚𝑓 =  𝐾𝑜𝑟√𝛥𝑝𝑜𝑟  , (4.2) 

where 𝐾𝑜𝑟 is an orifice coefficient and 𝛥𝑝𝑜𝑟 is the pressure between the feed line and 

combustor. 

Equation (4.3) is the result of differentiating Eq. (4.2) over time and shows that the 
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phases of the pressure difference and fuel flow are the same. 

𝑚𝑓
′

𝑚̅𝑓
=  

𝛥𝑝𝑜𝑟
′

2𝛥𝑝𝑜𝑟
 , (4.3) 

Since the pressure difference is calculated by subtracting the pressure in the combustor 

from the feed line pressure, the pressure difference and the pressure in the combustor have 

a phase difference of 180 degrees. Therefore, the fuel flow rate and the pressure of the 

combustor have a phase difference of 180 degrees. 

Figure 4.2 shows that the dependence of fuel flow rate through the fuel orifice to inlet 

duct pressure oscillations upon 𝐿𝑓𝑢𝑒𝑙 𝜆⁄  [9]. Unless the length of the fuel feed line 

corresponds to a multiple of the half-wavelength of the perturbations to cause destructive 

interference, the gain ((𝑚′𝑓 𝑚̅𝑓⁄ ) (𝑝′ 𝑝̅⁄ )⁄ ), which is the ratio between the two perturbations, 

has an almost constant value and the phase is near 180 degrees. In this study, since 𝐿𝑓𝑢𝑒𝑙 

is 47 mm, 𝐿𝑓𝑢𝑒𝑙 𝜆⁄  has a value near 0.2, so the phase difference between the pressure and 

fuel flow rate is 180 degrees, which represents that 𝜏𝑝𝑣 is zero. 

 

 

Fig. 4.2 Dependence of the response of the unsteady fuel flow rate through the fuel orifice 

to inlet duct pressure oscillations upon 𝐿𝑓𝑢𝑒𝑙 𝜆⁄  [9]. 
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Furthermore, instability occurs when 𝜏𝑡𝑜𝑡𝑎𝑙 + 0.5𝑇 = 𝑛𝑇, where T is the acoustic 

period, which represents the condition where the phase difference between the 𝑝′ and 𝑞′ 

inside the combustor (𝜃𝑝′−𝑞′) is zero for constructive interference between them. These 

unstable conditions can be described as 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ = 𝑛 − 1 2⁄  (𝑛 = 1,  2,  ⋯ ), and they 

also coincide with the unstable conditions in Lee et al. [129], as shown in Fig. 4.3. 

 

 

Fig. 4.3 Pressure perturbation (𝑝′ 𝑝̅⁄ ) according to the total delay time (𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ ) [129]. 

 

Yoon et al. [31] found that the 𝜏𝑐𝑜𝑛𝑣𝑒𝑐𝑡 of a partially premixed model combustor was 

the key parameter of the combustion instability mode shifting phenomenon. Furthermore, 

the development of high-repetition laser diagnostics such as PLIF and PIV has facilitated 

the precise measurement of flame structures and flow fields, thereby enabling deeper 

understanding of the combustion instability mechanism [130]. 

Although several studies on combustion instability have been carried out, the main 

subjects of those studies have been premixed flames [45, 49, 50]. Furthermore, because 

most propulsion systems use non-premixed flames formed by coaxial injectors, combustion 

instability characteristics of non-premixed flames should be identified to understand 

combustion instability in propulsion systems. Methane and oxygen are very popular 

propellants in the propulsion field because they have high specific thrust, are eco-friendly, 

and provide high performance. Therefore, research on combustion instability using 
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methane/oxygen and coaxial injectors has been continuously conducted in the recent past 

[92, 131, 132]. However, compared to premixed flames, not much research has been 

conducted on combustion instability [13] and the effects of delay time on combustion 

instability for non-premixed flames. In addition, to identify combustion instability in an 

engine under diverse operating conditions, combustion instability should be investigated 

under various experimental conditions. Therefore, the combustion instability 

characteristics and instability mode shift phenomenon of a non-premixed flame are 

investigated in the present study using a coaxial injector by conducting a time-lag analysis.  
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4.2 Experimental Methods 

Figure 4.4 shows an atmospheric single-element combustor and a coaxial injector used 

in this study. The combustor has a square cross-section (80 × 80 mm2), and four quartz 

windows are mounted on each side of the combustor for optical access. The downstream 

of the combustor is set as a closed boundary condition using a water-cooled movable plug 

nozzle, which is used to form an acoustic boundary at the combustor outlet by blocking 

99.25% of the combustor area. 

 

 

Fig. 4.4 Schematic of the single element combustor with acoustic modulation device. 

 

Firstly, the effects of plug nozzle on acoustic boundary condition are explored by 

applying the external acoustic perturbation with a speaker. The modulation frequency is 

varied from 100 Hz to 450 Hz, and the modulation strength, which is defined as the strength 

of 𝑝𝑜𝑥
′  relative to 𝑝̅𝑜𝑥 , is kept constant at 5%. Before conducting the experiment for 

combustion instability, the experimental condition is determined using the stability map, 

which is identified with decreasing the methane flow rate (from 35 to 6 slpm) under each 

oxygen flow rate (70–160 slpm). Furthermore, for the combustion instability tests, the O/F 

ratios and combustor lengths are used as parameters. Under the O/F ratio variation tests, 

gaseous oxygen (O2, 70–160 slpm, purity > 99.9 mol%) and gaseous methane (CH4, 35 

slpm, purity > 99.95 mol%) at 290 ± 5 K are supplied by MFC (LineTech, M3300V, 



 76 

uncertainty = ±1% of full range) through a center jet and annular swirled jet, respectively. 

Furthermore, under the combustor length variation tests, the combustor length is varied 

from 458 mm to 1158 mm (span = 50 mm), which is the range of typical combustor 

characteristic lengths of rocket engines [133]. 

One static pressure sensor (SP) (VALCOM, VPRQ-A5-5bar, uncertainty = ±0.8%) 

and eight dynamic pressure sensors (DP) (PCB, 102A05 × 6, 102M205 × 2, uncertainty = 

±1%) are used to measure the unsteady dynamic phenomenon at a rate of 10 kHz. The inlet 

oxygen velocity is measured by a HWA (Dantec, MiniCTA). The time interval between the 

two images of a PIV pair (dt) is 5 μs. The detailed test conditions of this chapter are 

summarized in the Table 4.1. 

 

Table 4.1 Summary of the combustion instability test conditions. 

Parameters 
Acoustic 

boundary 

 Stability 

map 

O/F 

ratio 

Combustor 

length 
Unit 

Combustor exit condition Closed end - 

Oxygen flow rate 

(Bulk velocity at injector exit) 
- 

70 ~ 160 

(59.4 ~ 135.8) 

110 

(93.4) 

slpm 

(m/s) 

Methane flow rate 

(Bulk velocity at injector exit) 
- 

6 ~ 35 

(9.8 ~ 57.1) 

35 

(57.1) 

slpm 

(m/s) 

O/F ratio - 4.0 ~ 53.1 4.0 ~ 9.11 6.26 - 

Inlet temperature  290 K 

Oxygen 

Reynolds number 
- 18,592 ~ 42,497 29,217 - 

Methane 

Reynolds number 
- 3,989 ~ 23,267 23,267 - 

Modulation frequency 100 ~ 450 - Hz 

Modulation strength 

(𝑝𝑜𝑥
′ 𝑝̅𝑜𝑥⁄ ) 

5 - % 

Combustor length 1,158 458 ~ 1,158 mm 
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4.3 Acoustic Boundary Formation using Plug Nozzle 

To achieve the resonance effect on the flame, the acoustic boundary condition inside 

the combustor is varied by moving the plug nozzle at the downstream of the combustor. To 

confirm whether the acoustic boundary condition exists inside the combustor, the acoustic 

transfer function (ATF) is calculated using Eq. (4.4) by applying external modulation. 

ATF(𝜔) =  
𝑝𝑐𝑜𝑚𝑏

′ 𝑝̅comb⁄

𝑝𝑜𝑥
′ 𝑝̅ox⁄

, (4.4) 

where 𝑝𝑜𝑥  and 𝑝comb  are the pressures at the inlet and inside of the combustor, 

respectively. 

Therefore, the ATF represents pressure perturbation inside the combustor according 

to constant external modulation. Figure 4.5 shows the ATF according to the 𝑓𝑒𝑥𝑡 under a 

constant combustor length (𝐿𝑐𝑜𝑚𝑏 = 1158 mm). 

 

 

Fig. 4.5 Acoustic transfer function (ATF) according to the modulation frequencies (𝑓𝑒𝑥𝑡 = 

100–450 Hz, 𝐿𝑐𝑜𝑚𝑏 = 1158 mm). 
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The ATF shows peaks at modulation frequencies of 140, 280, and 420 Hz. The 

combustor in this study can be considered a closed-closed end pipe, and therefore, the 

resonant frequency can be calculated as 

𝑓𝑛 = 
𝑛𝑐

2𝐿𝑐𝑜𝑚𝑏
, (4.5) 

where 𝑓𝑛 is the nth harmonic longitudinal resonant frequency, and c is the speed of sound. 

In this study, the combustor length is 1158 mm, and the temperature inside the 

combustor is 290 K. Therefore, the fundamental longitudinal resonant frequency (𝑓1) is 

approximately 140 Hz. In other words, when external perturbations corresponding to the 

harmonic resonant frequency of the combustor are applied, resonance occurs inside the 

combustor, thereby resulting in a strong pressure perturbation. Therefore, we can confirm 

that a closed acoustic boundary is formed by the plug nozzle at the downstream of the 

combustor. 
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4.4 Stability Map 

Figures 4.6(a) and 4.6(b) show the strength of pressure perturbation inside the 

combustor on varying the oxygen and methane flow rate under attached and detached 

flames, respectively. Although the pressure perturbation of the attached flame is not strong 

in the overall condition, strong pressure perturbation occurs in the detached flame despite 

the same flow conditions as the attached flame. According to Fig. 3.3 in the Chapter 3.3 

and Fig. 4.6, the attached flame is considered stable with small perturbations of pressure 

and heat release rate, while the detached flame is considered unstable owing to the strong 

perturbations of pressure and heat release rate. 

 

Fig. 4.6 Strength of pressure perturbation inside the combustor on varying the oxygen and 

methane flow rate under (a) attached and (b) detached flames, respectively. 

 

Thus, this study aims to investigate the detached flames to identify the instability 

characteristics of unstable flame. According to the Chapter 3.4, the flame shape transition, 

under the open-end boundary condition, occurs from detached to attached flame with 

increasing the O/F ratio. However, the combustion instability is caused by the constructive 

interaction between the flame characteristics and combustor acoustics. Thus, in this study, 

the flame shape is determined, under the closed-end boundary condition by the plug nozzle, 

with decreasing the methane flow rate (from 35 to 6 slpm) under each oxygen flow rate 
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(70–160 slpm). Figure 4.7 shows the flame shape in terms of the oxygen velocity (𝑉𝑂2
) and 

ΔV.  

 

 

Fig. 4.7 Flame stability map in terms of oxygen velocity (𝑉O2
) and velocity difference (ΔV). 

 

The flame shape transitions, owing to a decrease in methane flow rate, were observed 

in most oxygen flow conditions. As increasing the oxygen flow rate, the velocity difference 

at the transition increased, implying that more mixing strength was required for the flame 

to be anchored to the injector. If the fluid has compressibility effects, the gas density and 

temperature also become variables, resulting in the complicated characteristics and non-

linearity effects. However, if Ma < 0.2, compressibility effects will be small and the fluid 

can be assumed as a simplified incompressible flow. The purpose of this study is to 

investigate the characteristics of unstable detached flame for varied various condition, thus, 

the methane flow rate is fixed at 35 slpm, as shown in Fig. 4.7, which represents a 20 kW 

combustor and makes Mach number under 0.185. 

To avoid the compressibility effects but to obtain the acoustically closed boundary 
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effects, the condition (0.1 < Ma < 0.2) should be maintained at the nozzle. When the 

methane flow rate is constant at 35 slpm, Ma is calculated as 0.1 when the oxygen flow rate 

is 70 slpm, and Ma is calculated as 0.2 when the oxygen flow rate is 160 slpm. Furthermore, 

in this study, the strongest pressure perturbation occurs at an oxygen flow rate of 110 slpm 

and a methane flow rate of 35 slpm. Therefore, the oxygen flow rate is selected as 110 slpm 

for the experiments to determine the characteristics of combustion instability according to 

the change in combustor length. 
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4.5 Effect of O/F ratio on Combustion Instability Characteristics 

To determine the combustion instability characteristics according to the O/F ratio that 

varies from 4.0 to 9.11, the combustor length and methane flow rate are held constant at 

1158 mm and 35 slpm, respectively. Figure 4.8 shows the change in the instability 

frequency according to the O/F ratio. The instability frequency is determined as the 

frequency with the largest amplitude among the various frequency components of the 

pressure perturbation. 

 

 

Fig. 4.8 Instability frequency according to the O/F ratio. 

 

 

Fig. 4.9 Mode analysis based on the RMS pressure amplitude of each dynamic sensor. 
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Because the combustor length is held constant at 1158 mm, the fundamental 

longitudinal resonance frequency of the combustor is constant at approximately 290 Hz. 

As O/F ratio increased, the instability frequency changed from the first mode (≈290 Hz) to 

the fourth mode (≈1160 Hz) discretely; the modes were determined through mode analysis 

using the amplitudes of the pressure perturbations, as shown in Fig. 4.9. 

 

4.5.1. Structural Flame Characteristics for Varied O/F Ratio 

The OH* chemiluminescence measurements are performed to investigate the flame 

characteristics and determine the integrated OH* intensity to define the flame centroid. 

Figure 4.10 shows the flame shape that changed on varying the O/F ratio. 

 

 

Fig. 4.10 Changing flame shapes, OH* chemiluminescence intensity-weighted centroid, 

𝐿𝑏𝑎𝑠𝑒, 𝐿𝑐𝑒𝑛𝑡𝑒𝑟, 𝑢𝑏𝑎𝑠𝑒, and 𝑢𝑓𝑙𝑎𝑚𝑒 for varied O/F ratios of (a) 4.0, (b) 6.26, and (c) 8.54. 
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𝐿𝑐𝑒𝑛𝑡𝑒𝑟 represents the distance from the flame base to the OH* intensity centroid of 

the flame; 𝐿𝑏𝑎𝑠𝑒 represents the distance from the injector exit to the flame base; and 𝑢𝑏𝑎𝑠𝑒 

represents the axial velocity at the flame base measured from the PIV image analysis. The 

chemiluminescence of the excited radicals in a flame is a consequence of chemical 

reactions [134]; therefore, a strong OH* intensity indicates the strong magnitude of the 

reaction. Previous studies [31, 96, 135] have used the emission intensity from OH* radicals 

to find the combustion region and flame centroid. Therefore, the flame base is determined 

as the first location where the gradient of the OH* intensity, measured by OH-PLIF, is larger 

than the particular value, and the flame centroid is determined as the weighted average of 

the OH* intensity. Furthermore, the flame speed (𝑢𝑓𝑙𝑎𝑚𝑒) is determined by measuring the 

𝑢𝑏𝑎𝑠𝑒 via PIV assuming that 𝑢𝑓𝑙𝑎𝑚𝑒 is the same as 𝑢𝑏𝑎𝑠𝑒 because the detached flame in 

this study does not blow off or flashback. 

Figure 4.11 presents the parameters of flame shape and velocities (𝐿𝑏𝑎𝑠𝑒, 𝐿𝑐𝑒𝑛𝑡𝑒𝑟, 

𝑢𝑓𝑙𝑎𝑚𝑒, 𝑉𝑂2
, methane velocity (𝑉𝐶𝐻4

), and ΔV) according to the O/F ratio. As shown in 

Fig. 4.11(a), 𝐿𝑏𝑎𝑠𝑒 is the maximum at an O/F ratio of 4.0 (stoichiometry condition), and 

it decreases as the O/F ratio deviated from 4.0. 𝐿𝑐𝑒𝑛𝑡𝑒𝑟, which is a characteristic length 

indicating the inverse of the degree of chemical reaction, also decreases as the O/F ratio 

increases. Furthermore, as shown in Fig. 4.11(b), 𝑢𝑓𝑙𝑎𝑚𝑒  increases as the O/F ratio 

increases. 

To analyze the causes of changes in 𝐿𝑏𝑎𝑠𝑒, 𝐿𝑐𝑒𝑛𝑡𝑒𝑟, and 𝑢𝑓𝑙𝑎𝑚𝑒, ΔV is calculated 

using 𝑉𝑂2
 and 𝑉𝐶𝐻4

 according to the O/F ratio. In the coaxial injector used in this study, 

𝑉𝑂2
 and 𝑉𝐶𝐻4

 are the same at an O/F ratio of 4.0. Therefore, ΔV was almost zero at an 

O/F ratio of 4.0, and it increased as the O/F ratio deviated from 4.0, as shown in Fig. 4.11(c). 
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Fig. 4.11 Parameters of flame shape and velocities: (a) 𝐿𝑏𝑎𝑠𝑒 and 𝐿𝑐𝑒𝑛𝑡𝑒𝑟, (b) 𝑢𝑓𝑙𝑎𝑚𝑒, 

and (c) oxygen velocity (𝑉𝑂2
), methane velocity (𝑉𝐶𝐻4

), and velocity difference between 

oxygen and methane (ΔV) according to O/F ratio. 
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To determine the mixing between oxygen and methane, the shear strain from 

immediately after the injector exit to near the flame base should be measured in the same 

region, indicated by the red-dashed box in Fig. 2.18 in Chapter 2.5. Figure 4.12 shows the 

shear strain magnitudes under different O/F ratios. The shear strain produces vortices that 

cause the mixing of the two flows. Areas with high shear strength are indicated in red in 

Fig. 4.12, and these areas represent regions where oxygen and methane are actively mixed. 

 

 

Fig. 4.12 Shear strain magnitudes (𝜀𝑥𝑦,𝑚𝑎𝑥) at different O/F ratios of (a) 4.0, (b) 5.12, (c) 

6.26, (d) 7.4, and (e) 8.54. Left: time-averaged 2D 𝜀𝑥𝑦,𝑚𝑎𝑥. Right: spatially-integrated 

𝜀𝑥𝑦,𝑚𝑎𝑥 spectrum along the Y-axis. 
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As observed in Fig. 4.12, the shear strength increased as the O/F ratio deviated from 

4.0. As turbulent mixing increases between oxygen and methane owing to the increase in 

ΔV [118], the chemical reaction rate increases [121]. Furthermore, according to Oster [119], 

a larger ΔV causes the shear layer to spread faster into the low-speed region and results in 

a linear increase in the growth rate of the shear layer. Thus, for an O/F ratio of 4.0, the 

flame formed at the farthest location from the injector face because the mixing effect was 

the smallest, and therefore, 𝐿𝑏𝑎𝑠𝑒  reached the maximum value. On increasing the O/F 

ratio, 𝐿𝑏𝑎𝑠𝑒 decreased owing to increased mixing between oxygen and methane, as shown 

in Fig. 4.11(a). Furthermore, as the O/F ratio increased, the chemical reaction became 

stronger; therefore, 𝑢𝑓𝑙𝑎𝑚𝑒 increased and the flame became shorter, causing a decrease in 

𝐿𝑐𝑒𝑛𝑡𝑒𝑟 as shown in Figs. 4.11(a) and 4.11(b). 

 

4.5.2. Time-lag Approach 

To investigate the combustion instability characteristics via time-lag analysis, 𝜏𝑡𝑜𝑡𝑎𝑙 

is calculated as 

𝜏𝑡𝑜𝑡𝑎𝑙 = 𝜏𝑝𝑣 + 𝜏𝑐𝑜𝑛𝑣 + 𝜏𝑒𝑞 = 𝜏𝑝𝑣  +  
𝐿𝑖𝑛𝑗

𝑈̅
+ 

𝐿𝑐𝑒𝑛𝑡𝑒𝑟

𝑢𝑏𝑎𝑠𝑒
, (4.6) 

where 𝜏𝑝𝑣 is the delay time from the pressure perturbation to the flow modulation at the 

injector; 𝜏𝑝𝑣 𝑇⁄  is generally 0 when the fuel injector is unchoked [10]. 

Figure 4.13 presents the parameters associated with 𝜏𝑡𝑜𝑡𝑎𝑙  described in Eq. (4.6). 

𝜏𝑐𝑜𝑛𝑣 is the convection delay time between the global equivalence ratio perturbation at the 

injector and at flame base; 𝐿𝑖𝑛𝑗 is the distance from the fuel-injection hole to the flame 

base (𝐿𝑟𝑒𝑐𝑒𝑠𝑠  + 𝐿𝑏𝑎𝑠𝑒 ); 𝑈̅  represents the mean velocity of unburned gas inside the 

injector; and 𝜏𝑒𝑞 is the equivalent delay time, which is the delay time between the global 

equivalence ratio perturbation at the flame base and total heat release oscillation. Because 

the flame is axis-symmetric and oxygen is injected as a jet, 1-D time-lag analysis using the 

axial length and velocity is performed, as shown in Eq. (4.6). Therefore, the combustion 
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process is theoretically unstable when 𝜏𝑡𝑜𝑡𝑎𝑙  = (n − 0.5)T, where T represents the 

oscillation period. 

 

 

Fig. 4.13 Parameters for calculating 𝜏𝑡𝑜𝑡𝑎𝑙. 

 

Figure 4.14 shows the 𝜏𝑐𝑜𝑛𝑣 , 𝜏𝑒𝑞 , and 𝜏𝑡𝑜𝑡𝑎𝑙  calculated using 𝐿𝑖𝑛𝑗 , 𝐿𝑐𝑒𝑛𝑡𝑒𝑟 , 𝑈̅, 

and 𝑢𝑏𝑎𝑠𝑒 . On increasing the O/F ratio, the velocities (𝑈̅  and 𝑢𝑏𝑎𝑠𝑒 ), which are the 

denominator terms in the equation for calculating 𝜏𝑡𝑜𝑡𝑎𝑙, increase; however, the lengths 

(𝐿𝑖𝑛𝑗 and 𝐿𝑐𝑒𝑛𝑡𝑒𝑟), which are the numerator terms, decrease, thereby yielding a decreased 

𝜏𝑡𝑜𝑡𝑎𝑙. As 𝜏𝑡𝑜𝑡𝑎𝑙 is determined according to the O/F ratio, the changes in the instability 

frequencies according to 𝜏𝑡𝑜𝑡𝑎𝑙 can be investigated. 

 

 

Fig. 4.14 Convective delay time (𝜏𝑐𝑜𝑛𝑣), equivalent delay time (𝜏𝑒𝑞), and total delay time 

(𝜏𝑡𝑜𝑡𝑎𝑙) in terms of O/F ratio. 
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Figure 4.15 shows the change in the instability frequency according to 𝜏𝑡𝑜𝑡𝑎𝑙. On 

increasing 𝜏𝑡𝑜𝑡𝑎𝑙, the instability mode shifted from the high mode to the low mode. This 

trend is the same as that obtained for a partially premixed flame by Yoon et al. [31]. 

 

 

Fig. 4.15 Effect of 𝜏𝑡𝑜𝑡𝑎𝑙 on instability frequency (O/F ratio = 4.0–9.11, 𝐿𝑐𝑜𝑚𝑏 = 1158 

mm). 

 

The condition for combustion instability can be determined by the Rayleigh criterion 

using the Rayleigh’s index (RI) as 

RI = ∫ 𝑝′(𝑡) ∙ 𝑞′(𝑡) 𝑑𝑡
𝑇

0

. (4.7) 

RI indicates the degree of interaction between 𝑝′ and 𝑞′. A positive RI implies that 

𝑝′ and 𝑞′ are in phase because −90° < 𝜃𝑝′−𝑞′ < 90°. In contrast, a negative RI means 

that 𝑝′ and 𝑞′ are out of phase because 90° < |𝜃𝑝′−𝑞′| < 180°. 

Figure 4.16 presents the conditions that yield a positive RI for triggering combustion 

instability under each mode; 𝜏𝑡𝑜𝑡𝑎𝑙 is indicated by black arrows. As shown in Fig. 4.16(a), 

when 𝜏𝑡𝑜𝑡𝑎𝑙 is 𝜏𝑡𝑜𝑡𝑎𝑙,3, a positive RI is obtained in the third mode. Therefore, combustion 

instability occurs in the third mode frequency because 𝑝′  and 𝑞′ are in phase. When 

𝜏𝑡𝑜𝑡𝑎𝑙 increases further, combustion instability occurs in the second or fundamental mode 
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because of the positive RI, as shown in Figs. 4.16(b) or 4.16(c), respectively. Therefore, on 

increasing 𝜏𝑡𝑜𝑡𝑎𝑙, the instability mode shifts from the high mode to the low mode.  

 

 

Fig. 4.16 Waveforms of the (a) third, (b) second, and (c) first mode occurrences based on 

time-lag analysis performed by varying 𝜏𝑡𝑜𝑡𝑎𝑙. 
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4.6 Effect of Combustor Length on Combustion Instability 

Characteristics 

Among all test conditions (O/F ratio = 4.0–9.11 and 𝐿𝑐𝑜𝑚𝑏  = 458–1158 mm), the 

pressure perturbation inside the combustor was the strongest (𝑝′ 𝑝̅⁄  = 1.41%) at an O/F 

ratio of 6.26 and 𝐿𝑐𝑜𝑚𝑏  = 458 mm. Therefore, the effect of the combustor length on the 

instability characteristics is investigated for an O/F ratio of 6.26 by moving the plug nozzle. 

When the O/F ratio was 6.26, the average flame shape was consistent despite the change in 

the combustor length, and therefore, 𝜏𝑡𝑜𝑡𝑎𝑙  was consistent as shown in Fig. 4.17.  

 

 

Fig. 4.17 Total delay time (𝜏𝑡𝑜𝑡𝑎𝑙) according to combustor length. 

 

Figure 4.18 shows the instability frequency and strength obtained on varying the 

combustor length. As shown in Fig. 4.18(a), on increasing the combustor length, the 

instability frequency decreased because the longitudinal resonant frequency decreased. In 

other words, the instability frequency changed to match the resonant frequency of the 

combustor. However, when the instability frequency reached approximately 750 Hz, it did 

not decrease further but shifted to a higher mode. Therefore, the instability mode shifted 

from the fundamental longitudinal mode to the third harmonic mode as the combustor 

length increased from 458 mm to 1158 mm; this caused pressure perturbations only in a 

particular frequency range (750–1300 Hz). Furthermore, as shown in Fig. 4.18(b), the 
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amplitudes of pressure perturbation (𝑝′ 𝑝̅⁄ ) increased at combustor lengths (458 and 858 

mm) for which the harmonic resonant frequency is close to 900 Hz.  

 

 

Fig. 4.18 Effect of combustor length on the instability: (a) frequency and (b) strength (O/F 

= 6.26). 

 

Figure 4.19 shows the instability frequency on varying the combustor length (𝐿𝑐𝑜𝑚𝑏 

= 458–1158 mm) at each O/F ratio (O/F ratio = 4.0–9.11). As in Fig. 4.19, in each O/F ratio, 

instability occurred only within a particular frequency range according to the change in 

combustor length, and this range gradually increased toward higher frequency as the O/F 

ratio increased. 
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Fig. 4.19 Effect of O/F ratio on instability frequency with varying the combustor length 

(O/F ratio = 4.0–9.11, 𝐿𝑐𝑜𝑚𝑏 = 458–1158 mm). 

 

 

 

Fig. 4.20 Waveforms of (a) the first (𝐿𝑐𝑜𝑚𝑏 = 458 mm) and (b) second mode (𝐿𝑐𝑜𝑚𝑏 = 858 

mm) occurrences based on time-lag analysis with varying combustor lengths (O/F = 6.26). 
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To analysis the transition of instability mode, Fig. 4.20 shows the conditions that 

yields a positive RI for triggering combustion instability under each mode. When the 

combustor length was short (Fig. 4.20(a), 𝐿𝑐𝑜𝑚𝑏 = 458 mm), the pressure and heat release 

rate perturbations were in phase at the first acoustic mode of the combustor (≈900 Hz), and 

instability consequently occurred at the first acoustic mode frequency. However, when the 

combustor length was long (Fig. 4.20(b), 𝐿𝑐𝑜𝑚𝑏 = 858 mm), the pressure and heat release 

rate perturbations were out of phase at the first acoustic mode of the combustor (≈450 Hz) 

but in phase at the second acoustic mode (≈900 Hz); therefore, instability occurred at the 

second acoustic mode frequency. In other words, increasing the combustor length shifted 

instability from the lower mode to the higher mode, as shown in Figs. 4.18 and 4.20. 

As with the O/F ratio of 6.26, instability mode shifting occurred on varying the 

combustor length under all O/F ratios. Under each O/F ratio, the pressure perturbation was 

significantly amplified at a particular frequency. Figure 4.21 shows the pressure 

perturbation (𝑝′ 𝑝̅⁄ ) in terms of the instability frequency under different O/F ratios (4.0, 

6.26, and 8.54).  

 

 

Fig. 4.21 Frequency and strength of instability under O/F ratios of (a) 4.0, (b) 6.26, and (c) 

8.54 obtained by varying the combustor length (𝐿𝑐𝑜𝑚𝑏 = 458–1158 mm). 

 

Under O/F ratio = 4.0, most instabilities occurred in the first mode, and the strongest 

perturbation was measured at approximately 400 Hz. However, at O/F ratio = 6.26, 

instability occurred from the first mode to the third mode, and the strongest perturbation 

occurred at a frequency of approximately 900 Hz. Furthermore, under O/F ratio = 8.54, the 

instability occurred from the second mode to the fifth mode, and the strongest perturbation 
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occurred at a frequency of approximately 1500 Hz. The frequency at which the strongest 

perturbation occurs under each O/F ratio refers to the frequency of the perturbation in which 

each flame is most vulnerable, indicating the inherent characteristics of each flame. These 

inherent characteristics are closely related to the shape and velocity of the flame, which are 

the key parameters of 𝜏𝑡𝑜𝑡𝑎𝑙. 

Figure 4.22 shows the combustion instability frequency according to 𝜏𝑡𝑜𝑡𝑎𝑙 . As 

observed in Fig. 4.15, because the combustor length is constant at 𝐿𝑐𝑜𝑚𝑏 = 1158 mm, 

pressure perturbation occurs only at the frequency corresponding to the longitudinal 

harmonic mode of the combustor. However, Fig. 4.22 shows the frequency with the 

strongest perturbation among those generated using various combustor lengths; therefore, 

the combustion instability frequency is inversely proportional to 𝜏𝑡𝑜𝑡𝑎𝑙  rather 

discontinuously changing according to 𝜏𝑡𝑜𝑡𝑎𝑙 as indicated in Fig. 4.15. 

 

 

Fig. 4.22 Combustion instability frequency according to 𝜏𝑡𝑜𝑡𝑎𝑙. 

 

Based on the calculated 𝜏𝑡𝑜𝑡𝑎𝑙, Fig. 4.23 shows the relationship between the ratio of 

the total delay time to the acoustic period (𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ ) and the combustion instability strength 

( 𝑝′ 𝑝̅⁄ ) under different conditions (O/F ratio = 4.0–9.11, 𝐿𝑐𝑜𝑚𝑏  = 458–1158 mm). 

According to the time-lag analysis, described in Fig. 4.1, and previous studies [9, 10, 129], 

the pressure and heat release rate perturbation inside the combustor are in phase when 
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𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ = 𝑛 − 1 2⁄  (𝑛 = 1,  2,  ⋯ ). As shown in Fig. 4.23, a strong pressure perturbation 

occurs under unstable conditions (0.25 < 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  < 0.75) where −90° < 𝜃𝑝′−𝑞′ < 90°, 

resulting in a constructive interaction between 𝑝′ and 𝑞′. 

 

 

Fig. 4.23 Pressure perturbation (𝑝′ 𝑝̅⁄ ) based on the ratio of the total delay time to the 

acoustic period (𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ ) (O/F ratio = 4.0–9.11, 𝐿𝑐𝑜𝑚𝑏 = 458–1158 mm). 

 

Figures 4.24 and 4.25 show the results of clarifying conditions where the instability 

occurred by applying time-lag analysis to the results of Figs. 4.18(a) and 4.19. As Figs. 

4.24 and 4.25, the strongest pressure perturbation occurred when 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  was near 0.5. 

 

 

Fig. 4.24 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  according to the combustor length, which is derived by applying the 

time-lag analysis to Fig. 4.18(a). 
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Fig. 4.25 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  according to the O/F ratio, which was derived by applying the time-

lag analysis to Fig. 4.19. 

 

As a result, if 𝜏𝑡𝑜𝑡𝑎𝑙 could be measured, then it would be possible to derive T using 

𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ = 0.5 to calculate the most unstable frequency of the combustion system. As shown 

in Fig. 4.18(b), the perturbation is considerably amplified when the harmonic resonant 

frequency of the combustor is consistent with the unstable frequency. Therefore, 

combustion instability can be avoided by determining the combustor length at a different 

resonant frequency than the calculated unstable frequency. 

Furthermore, to analyze the relationship between the vortex shedding and combustion 

instability, St is calculated when the instability strength is the strongest under each O/F ratio 

condition. Two conditions should be satisfied for the combustion instability due to the 

vortex shedding. 

First, the Richardson number (Ri), which corresponds to the ratio of potential energy 

to kinetic energy, can be expressed as Eq. (4.8). 

𝑅𝑖 =
𝑔𝐻∆𝜌

𝜌0∆V2
, (4.8) 

where g is the gravity constant, H is height, 𝜌 is the density, and ∆V is the velocity 

difference between two flows. 
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When Ri is less than 0.25, instability occurs between two flows due to vortex shedding, 

and when Ri is greater than 0.25, the perturbation is attenuated and stabilized [136]. In this 

study, the Ri is satisfied with the unstable condition since the Ri has an order of from 10-5 

to 10-4. 

Second, St of flow should be around 0.2. Figure 4.26 shows the calculated St under 

the tests for combustion instability in this study. Except for the O/F ratio of 4.0, where the 

∆V is almost 0, the St is calculated between 0.1 and 0.3, indicating that the instability is 

caused by the vortex shedding. This result is consistent with previous studies [8, 122, 123]. 

 

 

Fig. 4.26 Calculated St under the tests for combustion instability in this study. 

 

However, when the O/F is 4.0, the St is largely calculated. According to previous work 

[137, 138], the instability, which occurs at high St, is caused by the shear layer separation 

and has weaker strength than instability caused by the vortex shedding. C.A. Saleel et al. 

[139] and K.B. Chun and H.J. Sung [140] conducted a study on the instability of the 

separated shear layer in a backward-facing step duct with a rapidly changing area. In 

previous studies [140-142], the instability occurred when St, calculated using the height of 

the duct (H), was 0.25 or 0.4. In this study, H is also used to calculate the St under an O/F 

ratio of 4.0, and as a result, St is calculated 0.32. Therefore, it is confirmed that under an 

O/F ratio of 4.0, the instability is caused by the separated shear layer.  
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4.7 Effect of Recess on Combustion Instability 

The effects of recess were commonly known for improving combustion stability as 

mentioned in some previous works [23]. Furthermore, Tsohas [143] found that recess did 

not affect the instability frequencies. However, recent studies have reported that recesses 

amplified the instability. Candel et al. [144] found that recess amplified instability in the 

form of vortex in coaxial injectors. Also, An et al. [145] examined the effect of recess on 

reducing combustion stability in high-pressure environments. In addition, Seo et al. [14] 

found that recess caused strong pressure perturbations by increasing the acoustic 

perturbation and internal mixing. 

To investigate the effect of recess on the flame stability in this study, a stability map 

is determined using a non-recessed injector as shown in Fig. 4.27. 

 

 

Fig. 4.27 Schematic of cross-sectional view of non-recessed injector. 

 

Figure 4.28 shows the stability maps for the injector with recess and without recess, 

respectively. Under the fuel-lean conditions, the stable area for the non-recessed injector 

increased. However, under the fuel rich conditions, very unstable near-blow-off flame, 

which represents the flame just before the blow off, formed, which were not observed in 

the recessed injector. In other words, the recess has an effect of increasing the stability 

under fuel rich conditions, but under the fuel lean condition, it has the effect of widening 

the area where a flame with strong perturbation occurs. 
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Fig. 4.28 Flame stability map (a) for recessed injector and (b) for the injector without recess 

in terms of oxygen velocity (𝑉𝑂2
) and velocity difference (ΔV). 

 

Figure 4.29 shows the ratio of the pressure perturbation of the non-recessed injector 

(RR = 0) to that of the recessed injector (RR = 1), which represents the effect of the recess 

on damping the pressure perturbation. 

 

 

Fig. 4.29 Ratio of the pressure perturbation of the non-recessed injector (RR = 0) to that of 

the recessed injector (RR = 1) in terms of O/F ratio. 
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Under fuel rich conditions, the recess has the effect of reducing the pressure 

perturbation, because a near-blow-off flame with a strong pressure perturbation can be 

transitioned to a detached flame with a relatively small perturbation owing to the mixing 

effect inside the recess. However, under the fuel lean condition, pressure perturbation is 

rather amplified because the stable flame area decreases, which is the same as the 

phenomenon that instability is amplified in previous studies [14, 144, 145]. 

To determine whether the recess affects the combustion instability frequency as well, 

the changes in instability frequency according to the combustor length are measured as 

shown in Fig. 4.30. 

 

 

Fig. 4.30 Change in instability frequency according to the O/F ratio when (a) 𝐿𝑐𝑜𝑚𝑏  = 558 

mm, (b) 𝐿𝑐𝑜𝑚𝑏  = 858 mm, and (c) the strongest combustion instability frequency. 
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Figures 4.30(a) and 4.30(b) show the frequency of pressure perturbation when the 

combustor length is 558 mm and 858 mm, respectively. Even when the recess length 

changed, the pressure perturbation occurred in the harmonic mode of the resonant 

frequency of the combustor. In addition, the tendency of the pressure perturbation mode to 

increase as the O/F ratio increased was the same even when the recess length was changed. 

The combustion instability frequency at which the strongest pressure perturbation occurred 

according to the change in the combustor length was the same despite the change in the 

recess length as shown in Fig. 4.30(c). Therefore, the recess length has a strong effect on 

the perturbation strength but has a small effect on the instability frequency. 
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4.8 Effect of Total Flow Rate on Combustion Instability 

Additional experiments are conducted to determine whether the time lag analysis can 

also be applied to examine the characteristics of combustion instability when the total heat 

input is changed on varying the methane flow rate. The detailed test conditions of this 

chapter are summarized in the Table 4.2. 

 

Table 4.2 Summary of the test conditions to examine the effect of total flow rate. 

Parameters 
Previous condition 

(Chapters 4.5 and 4.6) 
Small flow rate Large flow rate Unit 

Combustor exit condition Closed end - 

Oxygen flow rate 

(Bulk velocity at injector exit) 

70 ~ 160 

(59.4 ~ 135.8) 

40 ~ 91.4 

(34.0 ~ 77.6) 

77.2 ~ 143.4 

(65.5 ~ 121.7) 

slpm 

(m/s) 

Methane flow rate 

(Bulk velocity at injector exit) 

35 

(57.1) 

20 

(32.6) 

38.6 

(63.0) 

slpm 

(m/s) 

O/F ratio 4.0 ~ 9.11 4.0 ~ 7.4 - 

Inlet temperature 290 K 

Combustor length 458 ~ 1,158 mm 

 

The characteristics of combustion instability are examined under small and large flow 

rate conditions. The O/F ratio has an upper limit under the large flow rate condition due to 

the flow limit of MFC. Figure 4.31 shows the combustion instability frequency, where the 

strongest pressure perturbation occurred on varying the combustor length, according to the 

𝜏𝑡𝑜𝑡𝑎𝑙 under the small and large flow rate conditions. Although the total flow rate was 

varied, the flame shape was also changed accordingly, so the 𝜏𝑡𝑜𝑡𝑎𝑙 did not significantly 

change. Under both conditions, the combustion instability frequency tended to be inversely 

proportional to the 𝜏𝑡𝑜𝑡𝑎𝑙 as with previous results in Fig. 4.22. Furthermore, for a large 

𝜏𝑡𝑜𝑡𝑎𝑙 , the combustion instability frequency shifted to a higher mode. The dotted lines 

indicate the conditions that the product of the perturbation frequency and the total delay 

time, which represented the 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ , is 0.5 or 1.5. 
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Fig. 4.31 Combustion instability frequency according to 𝜏𝑡𝑜𝑡𝑎𝑙 under the (a) small and (b) 

large flow rate conditions, respectively. 

 

Figure 4.32 shows the relationship between the 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  and 𝑝′ 𝑝̅⁄  under all 

experimental conditions at the methane flow rate of 20 slpm (O/F ratio = 4.0–9.11, 𝐿𝑐𝑜𝑚𝑏 

= 458–1158 mm) and 38.6 slpm (O/F ratio = 4.0–7.4, 𝐿𝑐𝑜𝑚𝑏 = 458–1158 mm). As a result, 

the strong pressure perturbation occurs when 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  is 0.5 or 1.5 as with previous 

results in Fig. 4.23 

 

 

Fig. 4.32 The 𝑝′ 𝑝̅⁄  based on the 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  under the (a) small and (b) large flow rate 

conditions (O/F ratio = 4.0–9.11, 𝐿𝑐𝑜𝑚𝑏 = 458–1158 mm). 

 

Figure 4.33 shows the results of three flow conditions at once. The trends for 

combustion instability frequency and the 𝑝′ 𝑝̅⁄  are the same for each flow condition. 



 105 

Therefore, it is confirmed that the time lag analysis can be applied to examine the 

characteristics of combustion instability regardless of the total flow rate. 

 

 

Fig. 4.33 (a) Combustion instability frequency according to the 𝜏𝑡𝑜𝑡𝑎𝑙 and (b) the 𝑝′ 𝑝̅⁄  

based on the 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  under each total flow rate condition. 

 

In this study, the effects of the delay time on the combustion instability characteristics 

in a single-element combustor with a coaxial injector are investigated. In conclusion, 

𝜏𝑡𝑜𝑡𝑎𝑙 of a non-premixed flame formed by a coaxial injector, which can vary the Rayleigh’s 

index, is a key parameter in determining the combustion instability characteristics. In 

particular, the combustion instability strength and frequency can be adjusted by varying 

𝜏𝑡𝑜𝑡𝑎𝑙 or the combustor length. In other words, varying the 𝜏𝑡𝑜𝑡𝑎𝑙 and combustor length 

can cause the instability mode shifting. 
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CHAPTER 5 

FLAME TRNASFER FUNCTION 

5.1 Background and Objectives 

According to a report on the causes of failure in space vehicle launches around the 

world [1], investigated by the FAA in the United States of America, problems related to 

propulsion are the most common reasons. A typical reason for propulsion problems is a 

combustion instability. Combustion instability is the result of constructive interference 

between the perturbations of pressure and heat release rate, which can cause a significant 

increase in these perturbations inside the combustor. Strong combustion instability can lead 

to the severe perturbations of pressure and heat release rate, which can cause the engine 

damage or explosion. Therefore, to ensure a successful launch, the frequency of 

combustion instability needs to be predicted to avoid or reduce the combustion instability 

in the development process. 

In previous studies, Crocco [146] defined the n-tau model to predict the combustion 

instability, where a stability curve was drawn to determine whether a combustion instability 

occurred. Ducruix et al. [147] compared the experimental and theoretical transfer functions 

of a laminar premixed flame and investigated its dynamical behavior. However, compared 

to premixed flames, not much research has been conducted on combustion instability [13] 

and the effect of delay time on combustion instability for non-premixed flames. 

Furthermore, only a small range of modulation frequencies has been used to measure FTF 

in previous research.  

Therefore, in this study, FTFs are measured for varied O/F ratio with applying the 

wide frequency ranges of acoustic modulation, and the peak frequencies of FTF are 

compared to the combustion instability frequencies, which are measured in Fig. 4.22 in 

Chapter 4.6. Finally, combustion instabilities are predicted using a 1-D lumped network 

model.  
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5.2 Experimental Methods 

The atmospheric single element combustor used for measuring FTF in this study is 

shown in Fig. 5.1. The downstream of the combustor is set as an open boundary condition 

without a plug nozzle and downstream combustor to remove the acoustic boundary effect 

of the combustor. 

 

 

Fig. 5.1 Schematic of the single element combustor for measuring FTF. 

 

Acoustic perturbations are applied with a speaker (Sammi, NFS-300) for single 

frequency modulation under oxygen flow. The modulation frequency is varied from 0 to 

2000 Hz. According to the previous studies [48, 86], the gain and phase of FTF depend on 

the amplitude level of the input. Thus, the velocity fluctuation in the denominator of the 

FTF is kept constant at 5% of the mean velocity.  

Gaseous oxygen (O2, 70–160 slpm, purity > 99.9 mol%) and gaseous methane (CH4, 

35 slpm, purity > 99.95 mol%) at 290 ± 5 K are supplied by a MFC (LineTech, M3300V, 

uncertainty = ± 1% of full range) through a center jet and an annular swirled jet, respectively. 

The flame characteristics are obtained by calculating the FTF using Eq. (2.7), where the 
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input function is the inlet velocity fluctuation in the center flow [79], measured by HWA 

(Dantec, MiniCTA), and the output function is the perturbation of the volume-integrated 

heat release rate, measured by PMT (Hamamatsu, H7732-10) with the OH* filter. The 

detailed test conditions of this chapter are summarized in the Table 5.1. 

 

Table 5.1 Summary of the flame transfer function test conditions. 

Parameters Bistable flame Combustion instability unit 

Combustion exit condition Open end - 

Oxygen flow rate 

(Bulk velocity at injector exit) 

50 

(42.4) 

70 ~ 160 

(59.4 ~ 135.8) 

slpm 

(m/s) 

Methane flow rate 

(Bulk velocity at injector exit) 

35 

(57.1) 

slpm 

(m/s) 

O/F ratio 2.85 4.0 ~ 9.11 - 

Inlet temperature 290 K 

Oxygen Reynolds number 13,280 18,592 ~ 42,497 - 

Methane Reynolds number 23,268 - 

Modulation frequency 0 ~ 2,000 Hz 

Modulation strength 

(𝑢𝑜𝑥
′ 𝑢̅𝑜𝑥⁄ ) 

5 % 
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5.3 Non-linearity Depending on Velocity Perturbation 

As described in Chapter 2.4, the input and output variables of FTF are the normalized 

perturbations of velocity (𝑢′ 𝑢̅⁄ ) and heat release rate (𝑞′ 𝑞̅⁄ ), respectively. According to 

Kim et al. [128], if 𝑢′ 𝑢̅⁄  exceeds a particular value, non-linearity between 𝑢′ 𝑢̅⁄  and 

𝑞′ 𝑞̅⁄  occurs, which changes the FTF. Thus, to measure the FTF under the conditions where 

𝑞′ 𝑞̅⁄  and 𝑢′ 𝑢̅⁄  satisfies linearity, the 𝑞′ 𝑞̅⁄  is measured for varied 𝑢′ 𝑢̅⁄  as shown in Fig. 

5.2. 

 

Fig. 5.2 Heat release rate perturbation (𝑞′ 𝑞̅⁄ ) according to velocity perturbation (𝑢′ 𝑢̅⁄ ). 𝑓𝑒𝑥𝑡 

= 200 Hz, O/F ratio = 4.0. 

 

Under the O/F ratio = 4.0 (𝑉̇𝑂2
 = 70 slpm, and 𝑉̇𝐶𝐻4

 = 35 slpm), 𝑞′ 𝑞̅⁄  and 𝑢′ 𝑢̅⁄  

varied linearly until 𝑢′ 𝑢̅⁄  = 10% for 𝑓𝑒𝑥𝑡  = 200 Hz. Furthermore, the strengths of 

combustion instability did not exceed 5% in this study as shown in Chapter 4.6. Therefore, 

𝑢′ 𝑢̅⁄ , which is the denominator in the FTF, is kept constant at 5% for measuring the FTF. 

By using a Labview-based data acquisition system to check the real-time FFT of velocity 

during the combustion experiment, the voltage of the speaker is adjusted to keep 𝑢′ 𝑢̅⁄  

near 5%. Figure 5.3 shows the measured 𝑢′ 𝑢̅⁄  according to the modulation frequency 

under the O/F ratio = 4.0. 
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Fig. 5.3 Normalized inlet velocity perturbation ( 𝑢′ 𝑢̅⁄ ) according to the modulation 

frequency (𝑓𝑒𝑥𝑡) with O/F ratio = 4.0 for measuring the FTF. 
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5.4 Flame Transfer Function for Bistable Flames 

The purpose of Chapter 5.4 is to identify whether the bistable flame characteristics 

affect the FTFs. The typical swirled flame behaves as a low-pass filter [49] because the 

gain of the FTF for a swirled flame exhibits a typical shape. It starts at 1, increases toward 

a maximum, decreases to a local minimum at low frequencies [148], and it often reaches a 

second maximum at higher frequencies [104]. Figure 5.4 shows the FTFs of attached and 

detached flames under an O/F ratio of 2.85, which also behaves as a low-pass filter with 

multiple peak values. 

 

 

Fig. 5.4 Measured gain of FTFs of attached and detached flames under O/F ratio of 2.85. 

 

The gain of FTF is small for the attached flame, while it has large values for the 

detached flame, implying that the detached flame is more vulnerable to the external 

modulation than the attached flame. In particular, in the low frequency region, the 

difference between the gains of the two FTFs is noticeable. Furthermore, no apparent peak 

of FTF gain occurs under the attached flame, but, for detached flame, the secondary peak 

of FTF gain occurs at 900 Hz. Thus, the attached and detached flames have different flame 

characteristics as identified in Chapter 3, and this differences can also be identified through 

the FTFs. 
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Figure 5.5 shows the trend of FTF gain for the detached flame. The flame acts as a 

low-pass filter as mentioned above, thus the FTF gain decreased as increasing the frequency 

of modulations. As shown in Fig. 5.5, local maximum values of FTF gain occurred at the 

modulation frequencies of 150 Hz and 900 Hz, causing a constructive interference between 

the flame oscillations and heat release rate perturbations. In other words, despite the 

constant strength of external modulations, strong heat release rate perturbations occurred 

for external modulations of 150 Hz and 900 Hz, which resulted in local maximum values 

of FTF gain. In contrast, a local minimum value of FTF gain occurred for external 

modulation of 500 Hz due to the destructive interaction which caused a small heat release 

rate perturbation despite the constant strength of external modulation. 

 

 

Fig. 5.5 Constructive and destructive interferences between the heat release rate 

fluctuations and flame oscillations. 

 

Figure 5.6 shows the basic interactions leading to combustion instabilities [6]. When 

the acoustic perturbation occurs inside the combustor, a feedback loop, which affects the 

acoustics again owing to various causes, forms. One of the causes is the heat release rate 

perturbation. Therefore, when the local maximum occurs, perturbations of pressure and 

heat release rate cause constructive interference, resulting in strong heat release 
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perturbations. On the other hand, when the local minimum occurs, destructive interference 

occurs, resulting in relatively small perturbations in the heat release rate. 

 

 

Fig. 5.6 Relationship between the acoustics of combustor and the heat release rate 

perturbation [6]. 
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5.5 Flame Inherent Characteristics 

The purpose of Chapter 5.5 is to identify the relationship between the combustion 

instability characteristics, explored in Chapter 4, and FTFs. Figure 5.7 shows the FTF under 

O/F ratio = 6.26. The dominant peak of the FTF gain occurs at a modulation frequency of 

950 Hz, implying that the flame is most vulnerable near 950 Hz. As shown in Fig. 4.22 in 

Chapter 4.6, when the O/F ratio is 6.26, the frequency of combustion instability is 

approximately 900 Hz, which is close to the frequency of the dominant FTF peak.  

 

 

Fig. 5.7 Measured gain and phase of flame transfer function (FTF) under O/F ratio of 6.26. 

 

To investigate the relationship between the frequencies of FTF peak and of 

combustion instability, the FTFs are measured under all O/F ratios. Figure 5.8 shows the 

gains of measured FTF under the O/F ratios of 4.0, 6.26, and 8.54. As the O/F ratio 

increased, the peak frequency of the FTF gain gradually increased. 
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Fig. 5.8 Gains of measured FTF under the O/F ratios of (a) 4.0, (b) 6.26, and (c) 8.54, 

respectively. 

 

Figure 5.9 shows the frequencies where the FTF peak occurs for each O/F ratio along 

with the frequencies of combustion instability (depicted in Fig. 4.22 in Chapter 4.6), and 

the x-axis is indicated by the 𝜏𝑡𝑜𝑡𝑎𝑙 corresponding to each O/F ratio. 

 

 

Fig. 5.9 Frequencies of combustion instability and FTF peak according to 𝜏𝑡𝑜𝑡𝑎𝑙. 

 

The frequencies of FTF peaks also decreased on increasing 𝜏𝑡𝑜𝑡𝑎𝑙 and were almost 

identical to the combustion instability frequencies. The FTF represents the response 

characteristics of the flame caused by external acoustic modulation; therefore, the FTF peak 

at a particular frequency indicates the inherent flame characteristics implying that the flame 

is most vulnerable to external perturbation at that frequency. 
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When the downstream of the combustor is set as a closed boundary condition, the 

perturbations corresponding to the resonant frequencies of the combustor are greatly 

amplified by the resonance with the acoustics of combustor. If the inherent instability 

frequency of flame coincides with the resonant frequency of combustor, the perturbations 

corresponding to that frequency are greatly amplified and then are applied to the flame to 

cause stronger perturbations, which result in the resonance inside the combustor. This 

positive feedback causes a strong perturbation, corresponding to the particular frequency, 

causing the combustion instability as shown in Fig. 5.10. During the FTF measurement, 

since external modulation by a speaker is applied instead of the amplification by the 

acoustics of combustor, both the combustion instability frequency and FTF peak frequency 

indicate the inherent characteristics of the flame, and therefore, they match well, as shown 

in Fig. 5.9. 

 

 

Fig. 5.10 Schematic mechanism for combustion instability. 
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5.6 Relationship between Flame Area Change and FTF 

As mentioned in Chapter 2.4, the flame disturbances cause a change in the flame area, 

resulting in the heat release rate perturbations. Therefore, OH* chemiluminescence images 

are captured using a high-speed CMOS camera to identify the effect of the flame area on 

the gain of FTF. 

The flame area change rate is calculated using the flame area transfer function (FATF) 

defined by Eq. (5.1), which uses the flame area instead of the heat release rate in the FTF 

equation expressed as Eq. (2.7). 

FATF(𝜔) =  
𝐴′ 𝐴̅⁄

𝑢′ 𝑢̅⁄
 , (5.1) 

where 𝐴 is the flame area determined by OH* chemiluminescence images. 

Figure 5.11 shows the gains of FTF and FATF under the O/F ratios of (a) 2.85 and (b) 

6.26. A very large area change occurred at a low frequency of 150 Hz for both O/F ratios 

of 2.85 and 6.26. Furthermore, in both cases, the perturbations of the flame area were large 

at the frequency corresponding to the local maximum of the FTF and were small at the 500 

Hz which represented the local minimum of the FTF. Therefore, as mentioned in Chapter 

2.4, the change in the flame area affected the perturbation of the heat release rate, which 

caused the variation in FTF. 

 

 

Fig. 5.11 Gains of FTF and FATF under the O/F ratios of (a) 2.85 and (b) 6.26.  
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5.7 Relationship between Combustion Instability and FTF 

To understand the relationship between combustion instability and FTF, the phase of 

the FTF is analyzed. However, in this study, it was difficult to apply time-lag analysis 

directly because the velocity perturbations, which are the denominators of the FTF, were 

measured through HWA in the feed line. Therefore, it is necessary to determine the heat 

release rate perturbations according to the velocity perturbations at the exit of oxygen post 

so that the time-lag analysis can be applied. Figure 5.12 shows the locations of sensors to 

measure the modified FTF phase. In the non-reacting condition, another HWA is mounted 

to measure the velocity immediately after the injector exit. 

 

 

Fig. 5.12 Schematic of device configuration to measure the modified FTF phase. 

 

In addition, under the O/F ratio of 6.26, the phase differences of the perturbations 

between each position are shown in Fig. 5.13. Figure 5.13(a) represents the phase of FTF 

calculated in Chapter 5.5. Figure 5.13(b) shows the phase difference between two velocity 

perturbations measured at ① and ③ in non-reacting conditions. Assuming that the phase 

difference measured in Fig. 5.13(b) is linear with distance, the phase difference between 

the perturbations measured at ② and ④ was calculated using the results in Figs. 5.13(a) 

and 5.13(b). Therefore, the phase shown in Fig. 5.13(c) represents the FTF phase for 

applying the time-lag analysis and it is almost linear in the low-frequency region, but the 

nonlinearity increases as the modulation frequency increases. 
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Fig. 5.13 Phase correction to determine the modified FTF phase under O/F ratio of 6.26; 

phase difference between (a) ① and ④ (reacting), (b) ① and ③ (non-reacting), and 

(c) ② and ④ in Fig. 5.12. 

 

For the flame characteristics to be linear with the modulation frequency, the flow 

around the flame should be incompressible. When the wavelength of the acoustic 

perturbation is very large compared to the flame height, the flow around the flame can be 

assumed to be an incompressible flow. Therefore, as the modulation frequency increases, 

the wavelength decreases and the compressibility effect increases, resulting in nonlinearity. 

The measured velocity perturbation in Fig. 5.13 is the velocity perturbation of oxygen, 

so the perturbations of velocity and equivalence ratio have a phase difference of 180 

degrees. Therefore, as shown in Fig. 4.1, when the FTF phase satisfies the (1 − 2𝑛)𝜋 (𝑛 =

1,  2,  ⋯ ), the constructive interference occurs between the pressure inside the combustor 

and the heat release rate, resulting in combustion instability. Figure 5.14 shows the result 

of identifying the unstable condition using the time-lag analysis on the FTF phase. As a 

result, the frequencies between 250 Hz and 1300 Hz were identified as unstable regions. 

As shown in Fig. 4.18, the instability occurred between 750 Hz and 1300 Hz, which was 

included in the predicted unstable conditions, on varying the combustor length. 

Furthermore, at the O/F ratio of 6.26, the peak frequency of the FTF occurred at 950 Hz as 

shown in Fig. 5.7, and the combustion instability frequency was about 900 Hz similar to 

the peak frequency of FTF as shown in Figs. 4.21 and 4.22. 
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Fig. 5.14 Results of time-lag analysis on the FTF phase. 

 

In a previous study [128], as in this study, the combustion instability was also roughly 

predicted through the peak frequency of FTF gain and FTF phase, so it is confirmed that 

the FTF is a key parameter for predicting the combustion instability. 
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5.8 Instability Prediction 

If the combustion instability can be accurately predicted in the engine design process, 

a very stable engine can be developed under operating conditions. However, due to the non-

linearity and complexity, there are many obstacles in predicting the combustion instability 

for large-scale commercial combustors. Therefore, numerous studies on combustion 

instability have been conducted to reach the final goal of accurately predicting the 

combustion instability. As a result, a prediction technique using a FTF has been proposed 

for predicting the combustion instability occurring in a lab-scale premixed combustor, thus, 

an accurately measured FTF is a key parameter for predicting the combustion instability. 

The flame used in this study is a non-premixed flame. However, the studies on prediction 

of combustion instability for non-premixed flames have not been sufficiently conducted 

compared to those for premixed flames. Therefore, in this study, approximate combustion 

instability characteristics are predicted using OSCILOS which is a tool for predicting 

combustion instability of premixed flames using the Helmholtz equation solver. 

The combustion instabilities using methane are predicted under the geometry 

conditions of each combustor length. The experimentally measured FTFs are used after 

converted to a state-space model, and the reflection coefficients of the inlet and outlet of 

the combustor are selected as -1 and +1 through the assumption of open and closed 

boundaries, respectively. The flame concept of OSCILOS is a premixed thin flame, so the 

flame in this study is assumed as a thin flame which is formed at a specific location (FLocation 

= 𝐿𝑏𝑎𝑠𝑒 + 𝐿𝑐𝑒𝑛𝑡𝑒𝑟) based on the measured flame shape depicted in Fig. 4.11(a) in Chapter 

4.5.1. 

Figure 5.15 shows the combustor configuration and flame location for using 

OSCILOS to predict the combustion instability. The analysis is performed assuming the 

region from the recess to the nozzle as the combustor and assuming that the flat flame is 

located at the measured flame center (red line in Fig. 5.15) according to each condition. In 

addition, the analysis is performed by setting the upstream as an open condition and the 

downstream as a closed condition. 
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Fig. 5.15 Combustor configuration and flame location for using OSCILOS. 

 

Figure 5.16(a) shows the instability frequencies experimentally measured for varied 

O/F ratio, and Fig. 5.16(b) shows the predicted instability frequency by OSCILOS. Due to 

various limitations and differences between experimental conditions and basic model of 

OSCILOS, there are some differences between the results of experiment and prediction. 

However, the tendency for an instability mode shifting to a higher mode with an increase 

in the O/F ratio was successfully predicted. The representative cause of the errors might be 

the heat loss from the combustor, so the instability frequency in the experiment was 

measured as smaller than the instability frequency predicted by OSCILOS. 

Figure 5.17 shows the change in instability frequency on increasing the combustor 

length from 458 mm to 1,158 mm under the fixed O/F ratio of 6.26. The instability 

frequencies predicted through the OSCILOS were very similar to the experimental result, 

and the combustor lengths where the instability mode transition occurs were predicted 

accurately. As shown in Fig. 5.17(b), the predicted error of the instability frequency 

increased as the combustor length increased. This might be because as the combustor length 

increased, the volume of the combustor increased, resulting in an increase in heat loss. In 

addition, the repetitive tendency that the growth rate, which represents the strength of 

instability, becomes stronger and weaker as increasing the combustor length was also well 

predicted. Furthermore, the combustor lengths with high strength of the instability were 

also predicted very similarly. 

 



 123 

 

Fig. 5.16 Instability mode shift phenomenon for varied O/F ratio; (a) experimental results 

and (b) flame location considered prediction results. 

 

 

Fig. 5.17 Instability mode shift phenomenon on increasing the combustor length with fixed 

O/F ratio = 6.26; (a) experimental results and (b) predicted results. 
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Figure 5.18 shows the measured and predicted results of combustion instability 

frequency according to each O/F ratio The frequency of combustion instability is defined 

as the frequency of the perturbation with the largest amplitude among the various 

perturbations occurring for varied the combustor length (458–1158 mm) in the 

experimental results (Fig. 5.18(a)) and is defined as the frequency with the largest growth 

rate in the predicted results (Figs. 5.18(b) and 5.18(c)). Figure 5.18(b) shows the predicted 

results assuming that the flame is located immediately after the injector without considering 

the flame location, and Fig. 5.18(c) shows the predicted results using the measured flame 

locations. The x-axis represents the 𝜏𝑡𝑜𝑡𝑎𝑙 corresponding to each O/F ratio. 

As in the experimental result (Fig. 5.18(a)), the predicted frequencies (Figs. 5.18(b) 

and 5.18(c)) of combustion instability also tended to decrease as increasing the 𝜏𝑡𝑜𝑡𝑎𝑙. If 

the combustion instability was predicted without considering the flame location (Fig. 

5.1(b)), there were some cases where the instability frequencies, which differed greatly 

from the combustion instability frequencies measured in the experiments, were predicted. 

Therefore, the tendency of the combustion instability frequency, which is inversely 

proportional to the 𝜏𝑡𝑜𝑡𝑎𝑙 , was not properly predicted. However, if the combustion 

instability was predicted using the flame location (Fig. 5.18(c)) which was determined by 

measuring the flame shape, the tendency of the combustion instability frequency, which is 

inversely proportional to the 𝜏𝑡𝑜𝑡𝑎𝑙, was well determined, and the instability frequency was 

predicted similarly to that measured in the experiment. 
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Fig. 5.18 Combustion instability frequency according to 𝜏𝑡𝑜𝑡𝑎𝑙  (varied O/F ratio); (a) 

experimental results, (b) predicted results without considering the flame location, and (c) 

predicted results using the flame location. 
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To examine the effect of the change in boundary conditions on the predicted results, 

instability is analyzed by changing the upstream and downstream boundary conditions as 

shown in Fig. 5.19. 

 

 

Fig. 5.19 Effect of boundary conditions (upstream-downstream) on OSCILOS analysis. 

 

When the upstream boundary condition was changed to “closed”, the instability was 

predicted differently for a particular combustor length, which might be an effect of the 

interaction between the recess and the combustor. However, in most cases, the prediction 

of the instability frequency did not change significantly. In other words, the effect of the 

interaction between the recess and the combustor might be small because the recess length 

was very short compared to the combustor length. 

On the contrary, when the downstream boundary condition was changed to "open", 

the overall trend was predicted the same, except for the cases where different results were 

predicted in particular combustor lengths by the effect of the recess, as can be seen from 

the results of the red triangles and purple inverted triangles in Fig. 5.19. However, the 

instability frequencies were predicted differently from when the downstream was a closed 

boundary. A closed boundary condition is formed between the recess and the combustor 

due to the dramatic area change, so when the downstream is a closed boundary, the resonant 

frequency can be calculated as in Eq. (5.2). 
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𝑓𝑐𝑙𝑜𝑠𝑒𝑑 = 
𝑛𝑐

2𝐿
 (5.2) 

Conversely, if the downstream is an open boundary, the resonant frequency can be 

calculated as in Eq. (5.3). 

𝑓𝑜𝑝𝑒𝑛 = 
(2𝑛 − 1)𝑐

4𝐿
 (5.3) 

The trend of the predicted instability frequency was the same as that of the resonant 

frequency calculated through Eqs. (5.2) or (5.3) depending on each boundary condition. 

Furthermore, to determine the effect of FTF, the prediction results according to the 

changes in gain and phase of FTF are identified. Figure 5.20 shows the changes in the 

prediction results of instability when the FTF gain is changed while the phase is fixed. The 

analyses are performed as the gain is arbitrarily changed from 0.3 times to 1.7 times, and 

this ratio of FTF gains is defined as the gain factor. As shown in Fig. 5.20, as the gain factor 

increased, the predicted growth rate increased proportionally. 

As a result of the instability frequency prediction, when the gain factor was between 

0.9 and 1.4, the same result as the predicted result using the measured FTF was obtained. 

However, when the gain factor was less than 0.8, the length of the combustor where the 

instability mode transition occurred changed, but the overall trend was almost the same as 

shown in Fig. 5.21(a). When the gain factor exceeded 1.5, different instability modes were 

predicted for particular lengths as shown in Fig. 5.21(b). The reason for this is that if the 

gain factor is small, the difference in the FTF gains between the peak frequency and other 

frequencies decreases, so the influence of the FTF gain peak frequency might be relatively 

reduced. Therefore, instability does not occur at the FTF gain peak frequency so that an 

accurate prediction has not been made. If the gain factor is very large, although the FTF 

gain at the peak frequency increases, the FTF gain at other frequencies also increases. 

Therefore, the influences of not only the peak frequency but also other frequencies might 

increase, resulting in inaccurate prediction in particular cases. 
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Fig. 5.20 Instability prediction results according to the change in FTF gain. 

 

 

Fig. 5.21 Prediction of instability frequency when the gain factor is (a) 0.5 and (b) 1.5. 
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Next, to identify the effect of the FTF phase on the prediction of instability, the FTF 

is applied to the prediction by doubling the FTF phase with the FTF gain is fixed as shown 

in Fig. 5.22(a). Figure 5.22(b) shows the change in the growth rate according to the change 

in the FTF phase at the instability frequency predicted using the measured FTF. When the 

FTF phase was doubled, the growth rate decreased significantly at the predicted instability 

frequency, and negative growth rates were rather predicted under particular conditions. 

Therefore, the FTF phase is related to the occurrence of combustion instability, and the FTF 

gain is related to the strength of combustion instability. In other words, the accurately 

measured FTF is a key parameter for accurately predicting combustion instability. 

 

 

Fig. 5.22 (a) Change in FTF phase and (b) change in the growth rate at the predicted 

instability frequency when FTF phase is doubled. 
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Despite various limitations and differences between the concepts of OSCILOS and 

experimental conditions, the non-premixed flames in this study are assumed as a thin flame 

using the measured flame center to match the basic concept of OSCILOS. Therefore, the 

mode shift phenomenon of instability, on varying the O/F ratios and combustor lengths, is 

successfully predicted similarly to the experimental results. Furthermore, the frequencies 

of combustion instability are also predicted to be similar to the experimental results. 

Therefore, the accurately measured flame shape and FTF are identified as the key 

parameters in the prediction for combustion instability. 

In this study, FTFs are measured for varied O/F ratio under the open end boundary 

condition. First, the difference in the FTFs of the bistable flames is explored, and the FTF 

gain is larger and the secondary peak also occurs in the case of an unstable detached flame. 

Then, the relationship between the frequencies of combustion instability and of FTF gain 

peak is investigated, and both have similar values indicating the inherent instability 

characteristics of the flame. Finally, using a tool for predicting the combustion instability 

using measured FTF, the characteristics of combustion instability are roughly predicted. 

In conclusion, accurately measured flame shape and FTF are key parameters for 

predicting the combustion instability. In particular, the flame shape, measured precisely to 

determine the centroid of flame so that a non-premixed flame can be assumed as a thin 

flame, overcomes the limitations in differences of flame characteristics when using the 

conventional tools for predicting the combustion instability of premixed flame. 
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CHAPTER 6 

CONCLUSION 

In this study, flame shape and combustion instability characteristics are explored using 

a recessed coaxial injector in a single element combustor. The high repetition dynamic 

pressure data measurement and flame visualization technique are applied to investigate the 

dynamic characteristics of non-premixed flames. The characteristics and reasons of flames 

formed in different shapes are analyzed despite the same operating conditions. Then, the 

characteristics of combustion instability and its mode transition are investigated. Finally, 

the FTF are also measured and analyzed. A summary of the findings is as follows. 

First, bistable flame characteristics are investigated experimentally for methane–

oxygen flames formed by a recessed coaxial injector. Two different flame shapes, attached 

and detached bistable flames, are formed, despite constant flow conditions, with distinct 

stability characteristics. Transitions between the bistable flames can be initiated by varying 

the ΔV and acoustic modulation strength under oxygen flow. Mixing in the shear layer and 

perturbation inside the combustor can be the main causes of these transitions, which are 

investigated by measuring the flame shape changes. Varying the O/F ratio induces the 

velocity difference between the oxygen and methane, resulting in changes in the flame 

shapes and perturbation through vortex shedding in the shear layer, which can result in 

transitions from detached to attached flames. The modulation under oxygen flow has 

different impacts on the flame shape transitions depending on the perturbation strength. 

Moderate modulation increases mixing in the shear layer and pulls flames towards the 

injector, causing transitions from the detached to the attached flame state. However, strong 

modulation induces severe flow perturbation and pushes flames downstream, causing 

transitions from attached to detached states. In conclusion, flame shape is a key parameter 

to consider, in conjunction with the O/F ratio, in evaluating combustion characteristics. In 

particular, flame stability characteristics can be adjusted by controlling the flame shape 

through ΔV variation or external modulation application. Thus, flames formed by recessed 
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coaxial injectors can be stabilized by controlling the operating conditions or external 

disturbances, despite the constant geometric conditions. In addition, the bistable 

characteristics should be considered to avoid combustion instability when designing the 

operating sequence of the engine because the difference in flame shape affects the static 

and dynamic stabilities of the flame. 

Second, the effects of the delay time on the combustion instability characteristics in a 

single-element combustor with a coaxial injector are investigated. Changes in the 

instability characteristics owing to variations in the O/F ratio are investigated. Varying the 

O/F ratio changes the flame shape and speed, which cause the change in 𝜏𝑡𝑜𝑡𝑎𝑙. The value 

of 𝜏𝑡𝑜𝑡𝑎𝑙  calculated through the time-lag analysis tends to decrease as the O/F ratio 

increases. As a result, the instability mode is shifted from a higher to a lower mode as 

𝜏𝑡𝑜𝑡𝑎𝑙 increases. Therefore, variation in 𝜏𝑡𝑜𝑡𝑎𝑙 is the main reason for the change in the 

instability characteristics. The combustor length is also a key parameter influencing the 

instability characteristics. Even when 𝜏𝑡𝑜𝑡𝑎𝑙  is constant, varying the combustor length 

results in a transition of acoustic modes, satisfying positive RI. Increasing the combustor 

length causes the instability mode to switch from a lower to a higher mode; thus, instability 

occurs only in a particular range of frequencies. Furthermore, when the longitudinal 

harmonic mode of the combustor corresponds to the most unstable frequency, the 

combustion instability strength is greater than the pressure perturbations obtained with the 

other combustor lengths. Finally, measuring the frequency where the strongest pressure 

perturbation occurs by varying the O/F ratio and combustor length reveals that the 

combustion instability frequency is inversely proportional to 𝜏𝑡𝑜𝑡𝑎𝑙 . Furthermore, 

combustion instability occurs only at specific values of 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄ . In conclusion, 𝜏𝑡𝑜𝑡𝑎𝑙  of 

a non-premixed flame formed by a coaxial injector is a key parameter in determining the 

combustion instability characteristics. In particular, the combustion instability strength and 

frequency can be adjusted by varying 𝜏𝑡𝑜𝑡𝑎𝑙  or the combustor length. In other words, a 

combustion system using a non-premixed flame can be stabilized by controlling the 

operational or geometric conditions. Furthermore, for the non-premixed flame formed in 

the recessed coaxial injector used in this study, the combustion instability frequency, where 
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the strongest pressure perturbation occurs, can be predicted by calculating T for 𝜏𝑡𝑜𝑡𝑎𝑙 𝑇⁄  

= 0.5. 

Finally, FTF is measured to explore the inherent instability characteristics of the flame. 

The FTFs of bistable flames are measured and show different FTF characteristics despite 

the same operating conditions. Furthermore, under each O/F ratio, the FTF behaves as a 

low-pass filter with a high gain in the low-frequency region, and multiple peaks occur in 

the high-frequency region. Furthermore, the gain of FTFs has a peak value at a frequency 

similar to the frequency where the combustion instability occurs, implying that the inherent 

instability characteristics of flame can be identified using measured FTF. Also, the results 

show that the combustion instability can occur when these inherent characteristics are 

combined with the acoustics of the combustor. In addition, the combustion instability 

prediction tool, using the location of flame centroid and FTF, successfully predicts the 

instability characteristics similar to the experimental results. Therefore, accurately 

measured FTF and flame shape are the key parameters for predicting the combustion 

instability.  

In conclusion, the flame shape should be considered along with the operating 

conditions such as an O/F ratio to determine the combustion instability characteristics. The 

𝜏𝑡𝑜𝑡𝑎𝑙  and combustor length are the key parameters for determining the mode of 

combustion instability. Furthermore, the frequency of combustion instability can be 

determined through the time-lag analysis using the calculated 𝜏𝑡𝑜𝑡𝑎𝑙  by measuring the 

flame shapes, implying that the combustion instability can be avoided or reduced by 

designing the combustor to have a resonant frequency different from the expected 

instability frequency. In addition, the inherent instability characteristics of flame can be 

identified by the measured FTFs, and the characteristics of combustion instability can be 

predicted similar to the experimental results by using the FTF and flame shape. This study 

is expected to advance our collective understanding of combustion instability mechanisms 

and provide a means of avoiding combustion instability by applying time-lag analysis to a 

non-premixed flame.  
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초 록 

 

 

추진 기관 및 저 NOx 가스터빈 연소기의 설계 과정에서 발생하는 가장 큰 걸림돌 

중 하나인 연소불안정을 해결하기 위한 수많은 연구가 진행되어 왔음에도 불구하고, 

아직까지 이를 위한 완전한 해결책은 제시되지 못하고 있다. 연소불안정에 관한 선행 

연구에서는 주로 당량비 혹은 O/F 비에 따른 연소 특성을 파악했으나, 동일한 작동조

건임에도 불구하고 서로 다른 구조를 갖는 쌍안정 화염이 형성되기도 하며 각 화염은 

서로 다른 특성을 보여주기 때문에 화염 구조 역시 연소불안정을 판단함에 있어 반드

시 고려되어야 한다. 또한, 연소불안정은 주로 고주파 영역에서 발생하나 화염의 특성

을 나타내는 화염전달함수는 주로 저주파 영역에서만 측정되었기 때문에 연소불안정

과 화염전달함수의 직접적인 비교는 수행되지 못하였다. 더군다나 연소불안정에 관한 

연구는 주로 가스터빈에서 사용되는 예혼합화염에 집중되어 있으며, 발사체에서 사용

되는 비예혼합화염에 관한 연구는 부족한 실정이다. 그러나 발사 이후 작동을 중단시

키고 개선작업을 수행하기 어려운 발사체의 특성 상 연소불안정은 사전에 완벽하게 

해결되어야 한다. 

본 연구에서는 최근 발사체 재사용을 위한 친환경 연료로 각광받고 있는 메탄을 사

용하여 리세스를 가지는 동축형 분사기의 연소불안정 특징을 파악하였다. 이 과정에

서 화염의 구조 및 불안정 모드 천이 현상의 원인 파악에 대한 상세 연구를 수행하였

다. 또한, 연소불안정 연구의 최종 목표인 연소불안정 예측을 위하여 화염전달함수에 

관한 연구도 수행하였다. 

연소불안정 특징을 파악하기에 앞서 쌍안정 화염의 특성파악을 위하여 O/F 비 및 

외부 섭동에 따른 화염 구조 파악을 위한 연소시험을 수행하였다. 그 결과 부착화염

과 부상화염이 발생하였으며, 부상화염일 때 압력 및 열방출율 섭동이 더 강하게 발

생하였다. O/F 비의 증가는 부상화염에서 부착화염으로의 천이를 야기하였고, 부착화

염은 O/F 비의 변화에도 불구하고 부착화염의 상태를 유지하였다. 외부 음향 섭동은 

그 세기에 따라 화염 구조에 다른 영향을 주었으며, 일반적으로 음향 섭동은 부상화
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염에서 부착화염으로의 천이를 야기하였으나, 매우 강한 섭동은 오히려 부착화염에서 

부상화염으로의 천이를 야기하였다. O/F 비의 변화와 외부 음향 섭동은 산소와 메탄 

사이의 속도차를 발생시키며, 속도차가 클수록 둘 사이의 강한 혼합이 발생하여 화염

이 인젝터 쪽으로 당겨져 오게 되고, 결과적으로 부상화염에서 부착화염으로의 천이

가 발생한다. 다만, 매우 강한 음향 섭동은 오히려 정상적인 화학 반응을 방해하며, 

국소 소염을 야기하기 때문에 부착화염에서 부상화염으로의 천이를 야기시키는 것으

로 판단되었다. 화염 구조 간의 천이 현상은 화염 구조 계측 및 continuous wavelet 

transform을 활용한 압력 신호를 통해 분석되었다. 

다음으로, 음향 섭동 시험을 통해 연소실 후단에 닫힌 음향 경계를 형성시키는 것

이 확인된 플러그 노즐을 사용하여 연소시험을 수행하였다. O/F 비의 변화에 따라 발

생하는 불안정 주파수에 대한 모드 분석을 수행하였으며, 연소실 길이방향 공진 주파

수의 1st, 3rd, 4th에 해당하는 불안정임을 확인하였다. 이에 대한 상세 연구를 위하여 

각 O/F 조건에서 전체 시간 지연을 계측하였으며, 불안정 모드는 전체 시간 지연에 

반비례하도록 천이되는 것을 확인하였다. 이러한 원인은 Rayleigh criterion에 의해 

전체 시간 지연이 증가함에 따라 연소실 내부의 압력 섭동과 열방출율 섭동의 보강간

섭이 발생하는 음향 모드가 낮은 모드로 천이되기 때문인 것으로 예측되었다. 

또한, 일정한 O/F 비에서 연소실 길이를 증가시키면, 불안정 주파수는 연소실의 공

진 주파수와 일치하도록 서서히 감소하다가 다음 모드로 천이되는 현상이 발생하였는

데, 연소실 길이 변화 역시 Rayleigh criterion에 의해 연소실 내부의 압력 섭동과 열

방출율 섭동 사이의 위상차 변화를 야기하여 보강간섭이 발생하는 음향 모드의 변화

를 발생시키기 때문인 것으로 판단되었다. 또한, 각 O/F 비 조건에서 연소실 길이를 

변화시켜감에 따라 가장 큰 압력 섭동이 발생하는 주파수를 연소불안정 주파수로 정

의하고 분석한 결과 전체 시간 지연과 연소불안정 주파수는 반비례 관계가 있음을 확

인하였다. 이는 시간 지연 분석기법에 따라 전체 시간 지연과 불안정 주파수의 곱이 

일정한 값을 가질 때 이론적으로 연소실 내부의 압력 섭동과 열방출율 섭동 사이에 

보강간섭이 발생하여 연소불안정이 발생하기 때문이며, 본 연구에서 측정된 전체 시

간 지연과 불안정 주파수의 곱은 이론 값인 0.5와 일치하는 것을 확인하였다. 

마지막으로 화염의 특성을 파악하여 연소불안정 예측에 활용될 수 있는 화염전달함
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수에 관한 연구를 수행하였다. 먼저, 쌍안정 화염의 화염전달함수를 측정한 결과 부상

화염의 화염전달함수는 부착화염에 비해 큰 gain이 발생하였다. 화염전달함수의 gain

은 동일한 외부 섭동에 따른 열방출율 섭동을 의미하므로, 부상화염이 외부 교란에 

더 민감함을 나타낸다. 또한, 각 O/F 비에서 화염전달함수를 측정하였고, gain의 peak

이 발생하는 주파수는 연소불안정 주파수와 거의 일치하는 것으로 확인되었다. 화염

전달함수 gain의 peak은 화염의 내재적 불안정 주파수를 의미하며, 해당 주파수 섭동

에 가장 큰 교란이 야기됨을 의미한다. 즉, 내재적 불안정 주파수와 동일한 공진주파

수를 가지는 연소실에서는 해당 주파수 섭동의 공진 효과로 인해 화염의 떨림이 증폭

되는 양의 피드백 현상이 발생하게 되어 연소불안정이 발생하기 때문에 화염전달함수 

gain의 peak 주파수와 연소불안정 주파수는 일치하는 것으로 판단되었다. 또한, 측정

된 화염전달함수 및 화염의 구조를 사용하여 연소불안정 예측을 수행한 결과 실험에

서 발생하였던 불안정 모드 천이 현상 및 연소불안정 주파수가 유사하게 예측되는 것

을 확인할 수 있었다. 

상기 연구를 통하여 리세스를 가진 동축형 분사기에서 발생하는 비예혼합화염의 화

염 구조 및 연소불안정에 대한 다양한 특성을 파악하였으며, 화염전달함수에 관한 연

구도 수행되었다. 이러한 연구는 비예혼합화염을 활용한 연소시스템의 연소안정성 향

상, 비예혼합화염의 구조 및 연소불안정 특성을 파악하기 위한 연구의 선행연구자료

로 활용될 수 있을 것으로 기대된다. 
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