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Abstract

A Study on Response 

Characteristics of Jet-diffusion 

Flame and Premixed Flame with 

Various Velocity Perturbations

Myunggeun Ahn

School of Mechanical and Aerospace Engineering

The Graduate School

Seoul National University

Recently, most combustion systems are burned under lean conditions, so 

that combustion instability phenomenon is easily occurred by this. In order 

to efficiently control combustion instability phenomenon, it is necessary to 

understand the cause of the combustion instability phenomenon. Combustion 

instability occurs by overlapping of several instability phenomena. There are 

three main factors of several reasons. Among them, main factors of 

combustion instability are interactions of acoustic perturbation, velocity 
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perturbation, heat-release perturbation. When any one of these three factors 

occur, a factor would affect other factors, and it would return to the first 

factor. Through intensity of positive feedback process of combustion 

instability, it would be amplified, and periodic vibration which is fatal to 

combustion instability would occur. In this study, an interaction between 

velocity perturbation and heat release amount perturbation has been studied. 

Experiments were conducted with jet-diffusion flame and premixed flame 

combustor. The CH4/H2 (50/50%) mixed fuel was used, and the oxidizer was 

air. In order to block the inflow of external air entrainment, a quartz tube was 

installed on the upper part of a combustor. It was necessary to create and 

maintain an environment where only supplied fuel and air from the 

combustor were provided. The fuel and air were supplied via MFC (Mass 

Flow Rate) control, and equivalence ratio of air and fuel was constantly 

supplied at 1. The reason for choosing the equivalent ratio between air and 

fuel as 1 was because it was applied to the jet-diffusion flame based on the 1 

equivalent ratio of the premixed flame. Forcing frequency was supplied via 

speakers for an arbitrary combustion instability environment. Frequency was 

supplied from 40 Hz to 300 Hz at every 20 Hz, and experiment was 
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conducted by varying amplitude which representing a ratio of average 

velocity and intensity of velocity perturbation. In order to observe flame 

behavior characteristics according to forcing frequency, flame images were 

obtained by OH chemiluminescence measurement and digitized flame 

images using ultrahigh-speed camera which is capable of shooting 7000 

times per second. Digitized flame images made flame length calculated 

through post-treatment. In addition, in order to measure velocity of fuel and 

air, hot wire flow was used. Using Photo Multiplier Tube (PMT), flame 

transfer function was obtained, and flame response characteristics of the jet-

diffusion flame and the premixed flame were compared. As a result of 

comparing flame length of premixed flame acquired by flame images, its 

characteristics were appeared such that when amplitude was low, a change of 

maximum-minimum length was constant, but amplitude became large, and 

maximum length became inconstant. It was also able to observe a 

phenomenon that flame near nozzle tip was sucked into the nozzle. Similarly 

in the case of jet-diffusion flame, when amplitude was low, a change of 

maximum-minimum length was constant, but it had been confirmed that it 

became unstable when the amplitude became large. Jet-diffusion flame near 
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nozzle tip was not sucked into the nozzle due to the characteristic of 

diffusion flame that fuel and air were supplied separately. Through this 

results, it was confirmed that the premixed flame reacted sensitively to 

forcing frequency, and the jet-diffusion flame maintained stable. As a result 

of flame transfer function, the premixed flame showed a linear behavior with 

the same response value of flame transfer function irrespective of amplitude. 

However, in the case of jet-diffusion flame, result of flame transfer function 

showed nonlinear behaviors in which the response value varied.

Keywords: premixed flame, jet-diffusion flame, combustion instability,

OH chemiluminescence, Flame Transfer Function, flame 

structure, flame length   

Student Number: 2015-20779
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Chapter 1. INTRODUCTION

1.1 Combustion instability 

Early in development of combustion system, preceding studies had focused 

more on a mechanical operation and its completeness. Most of the combustion 

system used diffusion flame which caused soot as a side effect which had 

been generated by flame foam. Recently, the importance of energy 

conservation is emphasized worldwide, the form of combustion system was 

changed from diffusion flame to premixed flame. However, nitrogen oxide 

(NOx) emission phenomenon was increased near a theoretical air-fuel ratio of 

the premixed flame. As problems of environmental pollution issues are 

emerging recently, exhaust gas regulations have been strengthened, and 

several combustion systems have been revised as countermeasures.

In lean-burn combustion system, the maximum temperature was not 

relatively high. Therefore, the lean-burn combustion system with less 

generation of nitrogen oxides had a drawback which unstable phenomenon 

appeared at a lean burn.
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In order to solve these problems, research on combustion instability has 

been developing recently. The research about combustion instability was 

conducted at rocket engine system in the beginning. The combustion 

instability research is divided into a prediction and a control of combustion 

instability. It is necessary to study the factors causing combustion instability 

in order to predict combustion instability.

Factors causing combustion instability include acoustic perturbation, heat 

release perturbation, and velocity perturbation. When any one of these three 

factors arises, it would affect other factors, and intensity of factors will be 

amplified through the positive feedback process which would come back first. 

Because periodic oscillation occurs, the combustion system is not done, 

known that stability develops. These problems are deemed to have a fatal 

influence on the operation of combustion system which ultimately might 

cause damage.
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Figure 1.1 Schematic of rocket engine injectors – intact (left) and 

damaged (right). [1]
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1.2 Flame Transfer Function

The flame Transfer Function (FTF) is an application of a transfer function 

concept into the flame. The transfer function can be expressed as a function of 

frequency in a mathematical relational expression of the output value 

compared to the input value. By applying this to the flame transfer function, 

the input would be expressed in the velocity perturbation or equivalence ratio 

perturbation, the output is heat release oscillation. The flame transfer function 

can be obtained by the transfer function which can be expressed as a function 

of frequency. The absolute value of the function is represented as gain, and it 

is expressed by response value intensity. The real part of the phase difference 

is natural frequency of the system, and image part is initial instability growth 

rate which indicates that unstable instability is amplified when its state is 

negative.
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Figure 1.2 Schematic of a function of Flame Transfer Function 

(FTF).

A crucial ingredient is the flame transfer function studied by several 

research [2-6]. The flame transfer function was measured as an acoustic 

characterization of flame dynamics. The flame transfer function measures the 

response of the global unsteady reaction rate in the flame (�′ ��⁄ ) to an inlet 

velocity perturbation (�′ ��⁄ ). The flame transfer function relates flame 

response in terms of heat release fluctuations q' to an excitation by acoustic 

velocity fluctuations u'. The fluctuations are normalized with their mean 

values q (time-averaged heat release rate) and u (mean velocity of the mixture 

in the mixing section). The flame transfer function is a function in the 

frequency domain.
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The Flame transfer functions have been extensively studied in laminar 

configurations like conical flames [7], inverted conical flames [8] and 

multiple conical flames [9]. These data can be accustomed to guiding and 

validating the theoretical modeling, but they also provide an understanding of 

the physical mechanisms controlling the combustion response.

However, the flame transfer function model has some limitations: 1. Small 

perturbations, 2. Cannot explain the limit cycle oscillations, 3. Other non-

linear effects. Recently, the flame response has been extended to a weakly 

non-linear regime, so Flame Describing Function (FDF) similar to the flame 

transfer function is used to explain the flame response characteristic of the 

nonlinear region.
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�′ ��⁄ 	 is the normalized heat release rate fluctuation, and �′ ��⁄ is the 

normalized inlet velocity perturbation. This approach is the assumption of 



7

weak non-linearity. The response of the harmonic function is assumed to be 

frequency like the same forcing, but it shifts gain and phase depending on the 

amplitude and forcing frequency. Several experimental studies [10-13]have 

been performed to determine non-linear flame models.



8

1.3 Overview of present work

Many research has been conducted with combustion instability of jet-

diffusion flame and premixed flame. You et al. [14] conducted a study to 

examine the interaction of a single vortex ring of gaseous fuel with a non-

premixed flame. Lakshminarasimhan et al. [15-17] investigated the effects of 

strongly pulsing a fuel jet at frequencies up to nearly 1 kHz. The purpose was 

to show the mechanisms that are responsible for the significant change to the 

flame length and luminosity under HFHA (high-frequency, high-amplitude) 

and low-Strouhal number (St < 0.3). Hwang et al. [18] have shown the 

detachment stability characteristics of syngas H2/CO jet attached flames were 

studied. Kim et al. [19] presented experiments showing the response of a jet-

diffusion flame to acoustic forcing. Cho et al. [20] presented an analysis of the 

flame response to equivalence ratio perturbations, showing that the heat 

release response was controlled by the superposition of three disturbances: 

heat of reaction, flame speed and flame area. Wang et al. [21] studied the 

linear response of 2D wedge-shaped premixed flames to harmonic velocity 

disturbances, allowing for the influence of flame stretch manifested as 
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variations in the local flame speed along the wrinkled flame front. Durox et al. 

[22] showed that a systematic investigation of flame transfer functions 

indicated that the steady-state geometry plays a major role in the response of 

combustion to velocity perturbations. Schuller et al. [23] did an experimental 

study about the response of premixed flames to incident acoustic perturbations. 

Cuquel et al. [24, 25] investigated the response of laminar premixed conical 

flames to velocity disturbances and is considered theoretically and 

experimentally with a focus on the impact of the flame base dynamics on the 

non-linear behavior of the flame transfer function.

There were not many preceding studies comparing the flame response 

characteristics of the premixed flame and the jet-diffusion. Therefore, the 

purpose of this study was to compare flame response characteristics of 

premixed flame and jet-diffusion flame with various velocity perturbations as 

experiment variables.
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Chapter 2. APPARATUS AND 

EXPERIMENTAL

2.1 Cross-section of combustor with jet-diffusion flame 

and premixed flame

Figure 2.1 is a cross-sectional schematic combustor used in the experiment. 

Figure 2.1 (a) is a combustor section of a premixed flame. Fuel was supplied 

to the down part, and oxidizer was supplied from both sides. Fuel and oxidizer 

were immediately mixed in the mixing space, and the mixed fuel and oxidizer 

formed premixed flame on the tip of the nozzle. Figure 1 (b) is jet-diffusion 

flame combustor section. Fuel was supplied from the fuel supply line and 

oxidant was supplied from both sides. The supplied fuel and oxidizer formed 

a jet-diffusion flame from the tip of the nozzle. The outer diameters of oxidant 

supply line arranged coaxially with the fuel supply line were 6.35 mm and 

12.7 mm respectively. Using a circular quartz tube (diameter: 35 mm), the 

external air of inflow was shut off, and air environment of maintained flame 

attached from nozzle tip supply an oxidant supplied to the air line of the 

combustor. To investigate flame perturbations, both sides of combustor were 
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equipped with two speakers.

Since the design of two combustors were different, forcing frequency 

directions were also different. In the case of a premixed flame combustor, 

traveling frequency of supplied forcing frequency flows in a single nozzle line. 

However, in the case of a jet-diffusion flame combustor, since fuel and 

oxidant are supplied separately, forcing frequency must be supplied to the fuel 

or oxidant supply pipe. While the supply flow rate of the fuel is 0.98 slpm, the 

supply flow rate of the oxidizer is relatively high which is at 11.40 slpm. 

Therefore, in this study, forcing frequency was supplied to the oxidizer supply 

line with a relatively larger flow rate than fuel supply line to observe flame 

perturbation. Because supplying a forcing frequency to the oxidizer supply 

line, which is supplied at a large flow rate, allows better observation of flame 

perturbation than a fuel supply line supplied at low flow rates. A current meter 

anemometer for speed measurement was placed in the possible location of the 

nozzle where the flame was formed, and it was easily configured for speed 

measurement and speaker periodicity.
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Figure 2.1 Schematic of a cross-section of a combustor. 

(a) premixed flame (b) jet-diffusion flame.
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2.2 Combustor tips of jet-diffusion flame and premixed 

flame 

Depending on the supplying method of fuel and oxidizer and the design of 

combustors, it is divided into premixed flame and jet-diffusion. The premixed 

flame is formed by burning a fully mixed fuel-oxidizer in which the fuel and 

the oxidizer are completely mixed. On the other hand, in the jet-diffusion 

flame, fuel and oxidizer are supplied separately, and jet-diffusion flame is 

formed at the end of the nozzle tip. Therefore, the flame surface of jet-

diffusion flame is about 2 mm thick at the point where fuel and oxidizer meet. 

The combustor shape (premixed flame & jet-diffusion flame) according to the 

type of flame was explained in section 2.1. In this section, the tip of 

combustor nozzle along the shape of flame was observed in detail, and the 

features of flame shape taken by DSLR camera were explained.

Figure 2.2 shows the tip shape of the nozzle of premixed flame and jet-

diffusion flame. Figure 2.2 (a) is the tip shape of the nozzle of premixed flame. 

Figure 2.2 (a) is a photograph taken with a DSLR camera, 24-70 mm lens, and 



14

the exposure time was set to 10 seconds. Looking at the picture of premixed 

flame, you can see that a clear conical flame shape is displayed. This is the 

flame shape of common premixed flame. 

Figure 2.2 shows the tip shape of the nozzle of premixed flame and jet-

diffusion flame. Figure 2.2 shows the shape of nozzle tips in premixed flame 

and jet diffusion flame. Figure 2.2 (a) is the tip shape of the nozzle of 

premixed flame. Figure 2.2 (a) is the shape of nozzle tip in premixed flame. 

Figure 2.2 (a) is a photograph taken with a DSLR camera, 24-70 mm lens, and 

the exposure time was set to 10 seconds. Looking at the picture of premixed 

flame, you can see that a clear conical flame shape is displayed. It showed a 

clear conical flame shape had been appeared. This is the flame shape of 

common premixed flame. This is the common shape of premixed flame.

Figure 2.2 (b) is the shape of nozzle tip in jet-diffusion flame. The shape of 

jet flame had been observed, but its tip was not a general closed shape in jet 

flame. The phenomenon that the tip was not closed can be explained for two 

reason. The first reason is experimental condition. In this study, the flow rate 

of fuel and air was tested under the condition of "fuel and air supply flow 

rate" of air fuel equivalence ratio 1 in premixed flame. In premixed flame, 
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there is a certain definition on equivalence ration but diffusion flame is not. 

Therefore, in order to make a quantitative comparison on both flames,  

equivalent ratio of the premixed flame was set to 1, which was the standard 

experimental condition, was substituted in the diffusion flame in the same 

way than the experiment was performed. By applying this condition, the jet 

flame tip was not supplied with enough air flow because the tip was closed, 

therefore an open jet flame was formed. If a sufficiently large air flow rate 

was supplied, the jet flame would have created a shape which its tip was 

closed, and its length was increased. The second reason is because of quartz 

tube which would had blocked the inflow of external air during combustion. 

When the quartz tube is not installed, the general shape of a jet-diffusion 

flame becomes to be formed which its tip is closed. However, when the quartz 

tube is equipped, the inflow of outside air will be blocked. Therefore, in order 

to maintain stable combustion on jet-diffusion flame, it must rely solely on air 

from coaxially arranged air supply line. For this reason, Fig. 2.2 as shown in 

(b), the unclosed jet flame tip has been formed.
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Figure 2.2 Schematic of a cross-section of a combustor nozzle 

tip. (a) premixed flame (b) jet-diffusion flame.
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2.3 Test condition

Table 1 shows experimental conditions. The fuel used in the experiment 

was CH4 / H2, and the oxidizer was air. The fuel and oxidizer were supplied 

via Mass Flow Controller (MFC), and the fuel mixture composition ratio was 

50/50% of CH 4 / H 2 respectively. The flow rate of fuel was supplied at CH4

/ H2 of 0.98 slpm, and the air was supplied at 11.40 slpm. These fuels were set 

to 1 equivalence ratio of premixed flame. In order to quantitatively compare 

the premixed flame and the diffusion flame, the equivalent ratio of the 

premixed flame was set to 1. Therefore, the fuel and air supply flow rate of 

premixed flame were supplied same as to the diffusion flame. The forcing 

frequency for flame perturbation was gradually increased per 20 Hz at 

between 40 - 300 Hz when supplied. In order to observe the magnitudes of 

flame perturbation variously, the speaker voltage was increased and multiple 

amplitudes were generated. The amplitude of premixed flame was supplied at 

0.15, 0.30, 0.45, and the amplitude of jet-diffusion flame was supplied at 0.12, 

0.15, 0.25, 0.35.
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Table 2.1 Experimental condition.

Parameters Change

Fuel & Oxidizer CH4 / H2 & Air

Fuel compositions CH4 / H2 (50/50 %)

Supply rate of fuel 0.98 slpm

Supply rate of air 11.40 slpm

Forcing frequency 40 – 300 Hz (20 Hz steps)

Magnitudes of amplitudes

Premixed flame 0.15, 0.30, 0.45

Jet-diffusion flame 0.12, 0.15, 0.25, 0.35

slpm : standard liter per minute (L/min)
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2.4 OH chemiluminescence

There are several methods to measure flame length for premixed jet flame

and jet-diffusion flame : measuring from gradient of flame temperature and 

mixture fraction, measuring from flame images. Measuring the flame length 

from flame image is the most common method because it is easy and non-

intrusive. The current study used OH* chemiluminescence images to measure 

the flame length. In fact, previous workers defined the flame length using 

visible flame images, but, it is sensitive depending on the types of fuel and the 

exposure time. Contrary to visible flame images, OH* chemiluminescence 

images are less affected by surrounding conditions and helpful to physical 

measurement of combustion phenomena, such as reaction zone (flame length)

and flame structure.

In the process of defining the flame length, the threshold to distinguish the

reaction zone (flame) was used. The threshold value was 35% of the 

maximum intensity of the time-averaged OH* chemiluminescence. The flame 

length was defined as the axial distance from the fuel nozzle exit to the tip of

the flame. Figure 2.3 and Fig 2.4 are pictures of DSLR camera and OH 
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chemiluminescence. Figure 2.5 shows the OH* chemiluminescence-based

premixed flame length in the current study.

Figure 2.3 Comparing with premixed flame visualization nozzle 

tip; captured by (a) DSLR, (b) OH chemiluminescence in 120 Hz, 

Amplitude of 0.15.
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Figure 2.4 Comparing with jet-diffusion flame visualization 

nozzle tip; captured by (a) DSLR, (b) OH chemiluminescence in 

120 Hz, an amplitude of 0.15.
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Figure 2.5 Flame length of premixed flame measured by OH 

chemiluminescence.
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Chapter 3. RESULTS AND DISCUSSTION

3.1 OH chemiluminescence measurement

3.1.1 Flame visualization of premixed flame

Figure 3.1 Phase of flame length alterations in 100 Hz with an 

amplitude of 0.15.

Figure 3.1 shows OH chemiluminescence photograph taken with a high-

speed camera capable of photographing 7000 times per second. The 

frequency of 100 Hz, and the amplitude is 0.15. In order to observe the flame 
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with each phase, the frequency of one cycle was divided from 0 degree to 

360 degrees at intervals of 30 degrees. The flame of Fig. 3.1 shows the shape 

of perfect conical flame. Flame height increases and decreases constantly 

according to forcing frequency. It is the flame shape depending on general 

forcing frequency which the flame increases and decreases at maximum of 

90 degrees. In the case of other frequencies, when the amplitude was 0.15, 

similar phenomena as described above were observed. When the amplitude 

was 0.15, the maximum-minimum length of the flame was maintained 

constant.
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Figure 3.2 Phase of flame length alterations in 100 Hz with an 

amplitude of 0.30.

Figure 3.2 is photographs of the flame divided into phases at forcing 

frequency of 100 Hz and amplitude of 0.30. Different flame behavior from the 

amplitude of 0.15 was observed. The flame height was increased to the 

longest at 90 degrees. After 90 degrees, the flame height got decreased from 

150 degrees, but the phenomenon that the flame suddenly got increased at 180 

degrees was observed. The flame height became to be lowered from 180 

degrees to 300 degrees. At an amplitude of 0.30, there was a peculiar 

phenomenon observed in which the maximum height of flames got rapidly 
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increased at 180 degrees.

Figure 3.3 Phase of flame length alterations in 200 Hz with an 

amplitude of 0.45.

Figure 3.3 are pictures showing the flame structure observed near the 

nozzle. The frequencies of 200 Hz and 0.45 were visualized separately by 

phase. Due to perturbation of the air, the flame became to turn inward the 

nozzle. The upper part of flame became sharply thinner at 90 degrees. At 120 

degrees, upper part of the flame rapidly got decreased, and the flame near the 

nozzle got thickend. The flame diameter near the nozzle from 120 degrees to 
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270 degrees sharply got decreased, and the flame was sucked into the nozzle. 

At the same time, the flame became extended. The upper part of flame started 

to be thin from at 300 degrees, and the circumference of flame around the 

nozzle became thick. Through these results, premixed flame seems to respond 

sensitively to the forcing frequency.
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3.1.2 Flame visualization of jet-diffusion flame

Figure 3.4 Phase of flame length alterations in 100 Hz with an 

amplitude of 0.12.

Figure 3.4 is OH chemiluminescence photograph taken with a high-speed 

camera capable of photographing at 7000 times per second, similarly to the 

premixed flame. The frequency was 100 Hz, and the amplitude was 0.12. In 

the case of jet-diffusion flame height, the portion of a strong OH radical 

intensity corresponds to the maximum height of flame. At 0 degree, the strong 

OH radical intensity can be found upper side of flame. It can be seen the OH 

radical intensity that is maximum flame height is dropped down at 150 
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degrees. This means that the strength of OH radical has been moved. However, 

the maximum height position of the flame does not change abruptly. For these 

reasons, and since the amplitude was not strong, the maximum height of flame 

was observed upper part of flame.

Figure 3.5 Phase of flame length alterations in 100 Hz with an 

amplitude of 0.35.

Figure 3.5 is photographs showing the flame length by phase with 

amplitude of 0.35 at 100 Hz. It was possible to observe that the flame was 

short overall in a different way compared to Fig. 3.4 This phenomenon is one 

of jet-diffusion flame features which the mixture of air and fuel is well formed, 
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and therefore the flame length became shorter due to amplitude. The portion 

where the strong OH radical intensity was observed at 150 degrees upper part 

of flame. At 180 degrees, the flame highest position where the strongest OH 

radical intensity could be observed and located. The reason why the intensity 

position of OH radical had been suddenly changed by strong amplitude is 

because of the increase in mixing degree of jet-diffusion flame as mentioned 

above.
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Figure 3.6 Phase of flame length alterations in 200 Hz with an 

amplitude of 0.35.

Figure 3.6 shows the flame structure observed near the nozzle. The 

frequencies of 200 Hz and amplitude of 0.35 were visualized separately by 

phase. The moment when the flame near the nozzle became thinner, the flame 

fell slightly from the nozzle. In the case of premixed flame, a phenomenon in 

which a flame entered inward the nozzle appeared markedly. However, in jet-

diffusion flame, there was only a slight movement from the tip of nozzle. The 

reason why the movement near the nozzle was small is because of the 

characteristic of jet-diffusion flame in which fuel and air were supplied 
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separately. Since air and fuel were supplied separately, there was no 

phenomenon in which a flame flew into the nozzle. Therefore, the jet-

diffusion flame could be maintained stable even with the forcing frequency.
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3.2 Length of flames

3.2.1 Flame length of premixed flame and jet-diffusion 

flame

Images were acquired via OH chemiluminescence measurement to quantify 

the flame behavior characteristics. The processing method after the flame 

length were treated with the acquired image was same as the processing 

method of jet-diffusion flame. The black line in the graph represents 

minimum length of the flame, and the red line is maximum length. The blue 

dotted line shows average length of both. Figure 3.7 and Fig. 3.8 are graphs of 

the flame length of premixed flame according to forcing frequency and 

amplitude when its amplitude were 0.15 and 0.30. When the amplitude was 

0.15, it showed increasing tendency. After the decrease of maximum-

minimum length variation of the flame starting from 160 Hz, and the 

phenomenon that the flame length at 180 Hz and 220 Hz rapidly growed 

could be observed.

Moreover, it was possible to observe the phenomenon that the fluctuation 

range of the maximum - minimum length of the flame was 160 Hz, which 

became narrower after 160 Hz than before. This was related to the 
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phenomenon that the wavelength decreased as the forcing frequency increased.  

Therefore, this could be considered that at low frequencies with long 

wavelengths, the global strain rate of the flame is large, but the frequency 

increases when wavelength length decreases. Thus the difference between the 

maximum - minimum length of flame becomes small.

Figure 3.7 Flame height of premixed flame with an amplitude of 

0.15.

On the other hand, when the amplitude was 0.30 in Fig. 3.8, it could be 

observed that the difference between the maximum - minimum length of the 
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flame was not constant. When the amplitude was 0.15, the flame increased 

and the elongation percentage appeared at a constant rate. But the elongation 

was not constant when the amplitude was 0.30, and the red line was 

corresponding to the maximum length fluctuated rapidly according to the 

forcing frequency. However, observation through the blue dotted line which 

was representing the average length of maximum-minimum lengths of both 

amplitudes, the average length of premixed flame was found to be similar.

Figure 3.8 Flame height of premixed flame with an amplitude of 

0.30.
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3.2.2 Flame length of jet-diffusion flame

Figure 3.9, 3.10, 3.11 show length of the jet-diffusion flame which was 

indicated by amplitudes of 0.12, 0.25, 0.35 respectively. Amplitude indicates 

the average velocity divided by specific rate perturbation size as previously 

mentioned. Though a post-treatment process, the flame length of jet-

diffusion flame was digitized, and images were obtained via OH 

chemiluminescence measurement. It is pixel information obtained by 

limiting the maximum intensity of the flame image acquired to quantify the 

flame behavior characteristics to 35% and deleting the error data. The black 

line of Fig 3.9, 3.9, 3.10 represents minimum length of the flame, the red line 

is the maximum length of flame, and the blue dotted line shows the average 

length of both. When the amplitude was 0.12, the fluctuation range of 

maximum - minimum length of the flame maintained constant regardless of 

frequency increase and decrease from at 100 Hz as its base point. It could be 

observed that the length of flame was increased after 100 Hz. When the 

amplitudes were 0.25 and 0.35 as shown in Fig. 3.10 and 3.11, it was found 

that a red line corresponding to the maximum length of flame could be 
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flicked at multiple frequencies, but it was observed that the fluctuation range 

was maintained constant in most sections. Also, the minimum length of 

flame got decreased as amplitude got increased.

Figure 3.9 Flame height of jet-diffusion flame with an amplitude

of 0.12.

This phenomenon was caused by mixing characteristics of the jet-diffusion 

flame fuel. It is because the degree of mixing characteristics, which was 

generated by forcing frequency in the coaxially arranged air supply line with 



38

fuel supply line located in the center, got increased during the increase of 

amplitude.

Figure 3.10 Flame height of jet-diffusion flame with an amplitude

of 0.25.
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Figure 3.11 Flame height of jet-diffusion flame with an amplitude

of 0.35.
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3.2.3 Normalized jet-diffusion flame and premixed 

flame of length

The phenomenon that characteristics of the flame length appeared 

differently according to amplitudes was quantitatively observed. Thus, the 

amplitude was normalized for variable. The relational expression of flame 

length and amplitudes was defined as follows.

Flame	height	oscillation =	
�����	������	(�������)

�����	������	(�������)
×

�

�� ��⁄
        (3.1)

The value was obtained by dividing difference between maximum and 

minimum flame length by average length of the flame, and it was again 

divided into amplitude.

Figure 3.12 is a normalized jet-diffusion flame graph showing the 

characteristics of flame quantitatively according to the amplitudes. The 

tendency was observed different when it was amplitude of 0.12, and when 

they were 0.25 and 0.35. When an amplitude was 0.12, it had a larger value 

than the other amplitudes and showed a tendency to decrease, but when 
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amplitudes were 0.25 and 0.35, both amplitudes had similar values. They had 

a tendency to decrease while amplitudes got increased.

Figure 3.13 is a normalized premixed flame graph showing the 

characteristics of flame quantitatively according to the amplitudes. According 

to the result, both 0.15 and 0.30 amplitudes maintained its high value constant

before at 160 Hz. However, after 160 Hz, the value sharply decreased, and the 

tendency to become relatively low value and flat could be confirmed. 

Therefore, the results show that there is a linear relationship between the 

degree of shivering at jet-diffusion flame length and velocity perturbation size.
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Figure 3.12 Normalized jet-diffusion flame height with 

amplitudes of 0.12, 0.25, 0.35.

Figure 3.13 Normalized premixed flame height with amplitudes of 

0.15, 0.30.
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3.3 Flame Transfer Function (FTF)

3.3.1 Premixed flame of response characteristics

Figures 3.14 and 3.15 are responses of flame transfer function and phase 

difference depending on the frequency of the premixed flame. In Fig. 3.14, the 

response value got decreased constantly before 180 Hz.

Figure 3.14 Results of premixed flame response characteristics 

with gain.

After 180 Hz, the response value became flat and had a constant value. As 
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forcing frequency increased along with amplitudes of 0.15 and 0.30, the 

response value showed a tendency to decrease. It could be confirmed that 

there was almost no difference in response values between the two amplitudes.

Figure 3.15 Results of premixed flame response characteristics 

with phase.

As shown in Fig. 3.15, the amplitudes and phase difference had the same 

value. According to the result of phase difference, it was confirmed that both 
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amplitudes had the same response value. This is because the heal release rate 

of velocity perturbation was proportional according to a hypothesis of flame 

transfer function. It could be considered that the premixed flame well matched 

with the premise of flame transfer function. As a result, it was experimentally 

confirmed that a change of velocity perturbation value did not greatly affect 

heat release amount over the amplitude of 0.20, which also made the 

preceding study [12] valid.
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3.3.2 Jet-diffusion flame of response characteristics

Figure 3.16 and 3.17 is the results of flame transfer function of response 

values and phase difference according to forcing frequency of jet-diffusion 

flame. Amplitudes were 0.12, 0.15, 0.25 and 0.35.

Figure 3.16 Results of jet-diffusion flame response 

characteristics with gain.

Figure 3.16 showed that the response value appeared that all amplitudes at 

40 Hz had the same response value. At 60 Hz, amplitudes of 0.12 and 0.15 has 
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increased with a similar trend, but amplitudes of 0.25 and 0.35 showed 

completely different trends. After 80 Hz, response value tendency appeared 

remarkably. Amplitudes of 0.15, 0.25 and 0.35 showed a tendency to decrease 

with similar response value, but the 0.12 was having a larger response value 

than other amplitudes. The reason why the 0.12 had different characteristics 

from other amplitudes was because of response value characteristics which 

had different magnitudes of the heat release rate given velocity perturbation. 

That is, it could be determined that response value of jet-diffusion flame had 

nonlinear behavior characteristics.

In the results of phase difference in Fig. 3.17, amplitudes of 0.12 and 0.15 

had similar values, and amplitudes of 0.25 and 0.35 had similar values. As a 

result of jet-diffusion flame response value, it was necessary to use flame 

describing function, which had velocity perturbation as a variable, rather than 

flame transfer function, which velocity perturbation and heat release amount 

perturbation are proportional.
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Figure 3.17 Results of jet-diffusion flame response 

characteristics with phase.
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3.3.3 Comparison of normalized flame length with 

response value and amplitude of premixed flame

Fig. 3.13 is a comparison of the normalized value of flame length, and Fig. 

3.14 is the response values of flame transfer function for premixed flame. 

Figure 3.14 showed a linear behavior trend with same values of both 

amplitudes. The response value tended to decrease before 160 Hz, but it 

became flat after 160 Hz. It was confirmed that normalization of flame length 

in Fig. 3.13 showed same tendency. It was also confirmed that two amplitudes 

had similar values, and the value rapidly got decreased after 160 Hz, and it 

became flat. This phenomenon was that the response value increased as flame 

perturbation size increased, and the response value decreased as flame 

perturbation size became small. These results showed that the assumption of 

flame transfer function has been satisfied. Therefore, flame length 

perturbations in premixed flame seemed to be related to response of flame 

transfer function. That is, the behavior characteristics of flame were related to 

heat release amount perturbation.
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3.3.4 Comparison of normalized flame length with 

response value and amplitude of jet-diffusion 

flame

Figure 12 is normalized value of flame length, and Fig. 16 is result of 

transfer function response of jet-diffusion flame comparison. There was an 

amplitude of 0.15 corresponding to the Fig. 16, but there was no amplitude 

corresponding to the amplitude of 0.15 in Fig. 12. Figure 12 was to measure 

OH chemiluminescence to quantify flame length, but an amplitude of 0.15 

was not measured. Thus, Figure 12 did not have an amplitude of 0.15. Figure 

16 has confirmed that the response value behaved differently with the 

amplitude of 0.12. The normalized graph of flame length in Fig. 12 also 

shows a similar trend. Amplitudes of 0.25 and 0.35 could confirm that it 

behaved similarly to the response value of flame transfer function, unlike the 

amplitude of 0.12. The amplitude of 0.12 showed a tendency of having higher 

value than the case of 0.25 and 0.35, and it also had decreasing tendency. As a 

result, the jet-diffusion flame confirmed that there was a nonlinear region of 

velocity perturbation and flame length perturbation over 0.20 distinct from the 

premixed flame.
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Chapter 4. CONCLUSION

The research investigated flame characteristics of premixed flame and jet-

diffusion flame. Experimental variables by amplitudes that was the ratio of 

average velocity perturbation to velocity perturbation changed variously. 

Measuring OH Chemiluminescence, flame length was quantified and flame 

transfer function was obtained by PMT.

1) Flame length of the premixed flame was kept constant according to the 

maximum - minimum height difference which forcing frequency was 

increased with amplitude of 0.15. However, when the amplitude was 

0.30, the maximum-minimum height difference was not kept constant. 

Also, when the amplitudes were 0.15 and 0.30, it was possible to 

confirm that the maximum-minimum average length of the flame was 

similar. Through normalized flame length, it investigated that flame 

length perturbation had a linear relationship with velocity perturbation 

size. The response of flame transfer function confirmed that both 
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amplitudes of 0.15 and 0.30 had the same value. Comparing these 

results with normalized flame length and flame length perturbation 

seemed to be related to the response of flame transfer function. 

2) The flame length of jet-diffusion flame was constant depending on the 

increase of forcing frequency in the case of the amplitude of 0.12 with 

maximum – minimum flame height difference. However, in the case of 

0.25 and 0.35, the maximum-minimum flame length difference was not 

constant, and it was observed that maximum flame height was picked at 

some forcing frequency. Through the normalization of flame length, the 

amplitude different from the premixed flame was observed the 

nonlinear behavior of velocity perturbation and flame length 

perturbation. It was confirmed that the response value of flame transfer 

function behaved differently between 0.12 and 0.15, 0.25, 0.35. By 

comparing the normalized flame length with the response value of 

flame transfer function, it was confirmed that non-linear region of 

flame length perturbation and velocity perturbation existed when the 

amplitude was over an amplitude of 0.20.

3)
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Appendix  A. Theoretical Understanding of 

Resonance Frequency

A.1 One-dimensional Wave

Consider the wave equation for velocity : [24]

���

���
=

�

��
��

���
                (A.1)

In this case, assume that a separable solution exits such that

v = X(x)T(t)                     (A.2)

Then substituting equation A.2 in to equation A.1 yields

T
���

���
=

�

��
���

���
                     (A.3)

And dividing XT

�

�

���

���
=

�

���

���

���
                     (A.4)

Now the right side of this equation is a function of t only, while the left side 

is a function of  x only. However x and t are independent variables. So both 

sides of the equation must be equal to a constant, −k�, say.

Then

���

���
= −k�X                      (A.5)

And

���

���
= −c�k�X                      (A.6)
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These equations have the same form as the harmonic motion equation, and 

letting 

ck = w	or	c = w/k                   (A.7)

We obtain the solution of equation A.6:

T = Ae��� + Be����                   (A.8)

For a physically meaningful solution, B = 0. Similarly, for equation A.5

X = Ce��� + De����                   (A.9)

And finally

v = A�e
�(�����) + Be��(�����)            (A.10)

This expression than is a general solution of wave equation, which is both 

consistent with D’Alembert solution and is separable. Here,

e�(�����) = Cos(wt + kx) + 	jsin(wt + kx)     (A.11)

A.2 Modes of a tube

The general solution of the one-dimensional wave equation for velocity  is

v = A�e
�(�����) + Be��(�����)

= e���[Ccos(kx) + Dsin(kx)]           (A.12)

The boundary conditions for a tube with rigid caps are

v = 0,when	x = 0               (A.13)

so that

C = 0                    (A.14)

and than

v = De���sin	(kx)               (A.15)
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Also, another boundary condition

v = 0,when	x = l               (A.16)

Sin(kl) = 0                 (A.17)

and

kl = nπ, or	l = nλ/2              (A.18)

so the frequency at these modes of oscillation occur are

f	 = 	
��

��
                  (A.19)

The boundary conditions for a tube with one open end and one close end 

are

v = 0,when	x = 0               (A.20)

so that

C = 0                  (A.21)

and than

v = De���sin	(kx)               (A.22)

Also, another boundary condition

��

��
= 0,when	x = 1               (A.23)

kcos(kl) = 0                 (A.24)

and

kl =
(����)�

�
, or	l =

(����)�

�
           (A.25)

so the frequency at these modes of oscillation occur are

f =
(����)�

��
                    (A.26)
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초    록

요즘 대부분의 연소시스템의 경우 희박 조건에서 연소되며 이로

인하여 연소불안정 현상이 쉽게 발생 하고 있는 실정이다. 이런

연소 불안정 현상을 효율적으로 제어하기 위해서는 이런 현상의

발생원인에 대한 이해가 필요하다. 연소 불안정은 여러 가지

불안정현상의 중첩으로 인하여 발생한다. 그 중 세 가지 중점적인

요인들의 중첩에 의하여 발생한다. 음향학 섭동, 속도 섭동, 열

방출량의 섭동의 상호작용에 의하여 발생한다. 이 세가지 요인 중

한가지 요인이 발생하였을 때 그 요인이 다른 요인에 영향을

미치고 다시 처음으로 되돌아오는 양성피드백과정을 통해 세기가

증폭이 되어 주기적으로 진동이 발생하면 연소불안정이 발생한다.

본 연구에서는 속도섭동과 열 방출량 섭동의 상호작용에 대한

연구를 진행하였다. 제트확산화염과 예혼합화염을 모사하는

연소기에서 실험을 진행하였으며 연료로는 CH4/H2을 50/50 %의

혼합연료를 사용하였으며 산화제로는 공기를 사용하였다.

외부공기의 유입을 차단하기 위하여 연소기 상단에 석영튜브를

장착하여 연료와 산화제가 만나 화염을 형성할 때 연소기에서

공급되는 연료와 산화제로만 화염을 유지할 수 있는 환경을

조성하였다. 연료와 공기의 공급은 MFC(Mass Flow Rate)제어를 통해

공급하였으며 연료와 공기의 당량비는 1로 일정하게 공급하였다.

연료와 공기의 당량비를 1로 설정하는 이유는 예혼합화염의 당량비

1을 기준으로 제트확산화염에 적용을 하였기 때문이다. 연소불안정
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환경의 임의조성을 위하여 스피커를 통해 가진을 공급하였다.

가진주파수는 40 Hz부터 300 Hz까지 20 Hz의 단계로 주파수를

공급하였으며 평균속도 대비 속도섭동 크기를 나타내는 진폭을

다양하게 변화시켜가며 실험을 진행하였다. 가진주파수에 따른

화염의 거동특성을 관찰하기 위하여 초당 7000회로 촬영 가능한

초고속카메라를 이용하여 OH 자발광 (OH chemiluminescence) 

계측으로 화염이미지를 획득하였으며 화염을 수치화시키기 위하여

후처리를 통하여 화염길이를 계측하였다. 또한 연료와 산화제의

속도측정을 위하여 열선식 유속계 (Hor-wire flow velocimeter)를

사용하였으며 광전자증폭관(Photo Multiplier Tube)를 이용하여

화염전달함수를 구하여 제트확산화염과 예혼합화염의

화염응답특성을 비교하였다. 획득한 화염이미지로 화염길이를

비교한 결과 예혼합화염의 화염특성은 진폭이 낮을 때에는 최대-

최소 길이변화가 일정한 반면에 진폭이 커지면 최대길이가

불안해지는 것을 확인하였으며 노즐 안쪽으로 화염이 빨려들어가는

현상 또한 관찰할 수 있었다. 제트확산화염의 경우도 마찬가지로

진폭이 낮을 때에는 최대-최소 길이변화가 일정하지만 진폭이

커지면 불안정해 지는 것을 확인하였으며 연료와 산화제가 따로

공급이 되는 확산화염의 특징으로 인하여 화염이 노즐 안쪽으로

빨려들어가는 현상이 파악되지 않았다. 이러한 결과로 미루어보아

예혼합화염은 가진에 민감하게 반응을 하며 확산화염의 경우에는

안정적인 화염을 유지하는 것을 확인할 수 있었다. 화염전달함수의

결과에서 예혼합화염은 진폭에 관계없이 화염전달함수의 응답 값이

같은 값을 가지는 선형적인 거동을 보였지만 제트확산화염의
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경우에는 진폭에 따라 화염전달함수의 응답 값이 달라지는

비선형적인 거동을 보이는 것을 확인하였다.     

주요어: 예혼합화염, 확산화염, 연소불안정, 화염전달함수, OH 

자발광, 화염구조, 화염길이

학  번: 2015-20779
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