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Abstract 

An Experimental Study on Blowoff 

Mechanism of Bluff-Body-Stabilized 

Acoustically-Forced Premixed Flame 
 

Jaeik Shin 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

Flame blowoff phenomenon in combustor with bluff-body has been a topic 

of extensive research such as gas turbine, rocket, ramjet, and so on. The 

blowoff generally occurs when the chemical reaction time scale for ignition 

exceeds the characteristic flow time of unburned reactant. In the process of 

the blowoff, external acoustic excitation has a significant impact on the 

blowoff conditions and structural features of the flame. However, there has 

been almost no research on blowoff in premixed combustor when external 

excitation is present. 

In this study, blowoff was investigated in a ducted combustor with the bluff-

body when acoustic excitation was forced. Natural gas mainly composed of 

methane was used as fuel. Lowering the equivalence ratio, lean blowoff was 

to occur. Blowoff equivalence ratio was measured with varying �̇� air, 

excitation frequency and sound pressure to analyze the blowoff. As a result, 

we confirmed that the blowoff equivalence ratio was increased at specific 

frequency. This frequency is determined as a frequency related to the 

frequency of shear layer, therefore flame images were taken for measurement 

of the frequency on the flame. To observe the flame structure, OH* 

chemiluminescence was used. Chemiluminescence images were analyzed by 

applying POD (Proper Orthogonal Decomposition) algorithm to obtain the 

dominant mode and the frequency of shear layer. Depending on the 
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experimental conditions, blowoff equivalence ratio was valued very 

differently. Vortex frequency behind the bluff-body and resonance effect in 

combustor are the main factors that affect the blowoff equivalence ratios with 

the excitation. As a final result, we defined the blowoff mechanism with and 

without external excitation based on the measured equivalence ratio values 

and image analysis. 

 

 

Keywords: Premixed Flame, Bluff-Body, Blowoff, External Excitation, 

OH* Chemiluminescence 

Student Number: 2012-20678 
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Chapter 1. INTRODUCTION 

 

1.1 Bluff-Body-Stabilized Flame 

 

The engine industry development in automobile and aircraft lead efficiency 

and power demanded when designing a combustor. As increasing the 

combustor efficiency, the flame inside the combustor is self-excited via 

interaction with the combustion process in lean condition so that combustion 

instability occurs [1]. Therefore, stability of a combustor is required as 

improving the performance of the combustor. Many researches have been 

actively proceeding for generating a stable flame. In order to generate the 

stable flame, various flame-holding methods were designed. As one of the 

methods, bluff-body has been used since the mid-late 20th century [2-4]. A 

stabilized flame is maintained in a recirculation zone behind a bluff-body. In 

the recirculation zone, unburned fuel/air mixture entrains continuously as a 

combustion reactant and mixing intensively occurs with hot combustion 

products. As a result, the bluff-body generates a slowly moving recirculation 

zone of the combustion products, which serves as the hot stream to effect 

ignition and flame stabilization. 

Until the present time, various shapes of the bluff-body have been studied 

to efficiently stabilize the flame [5,6]. According to Zukoski et al., a 

structure and dynamic characteristics of the stable flame can be changed 
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depending on the shape of the bluff-body [6]. In spite of using the bluff-body, 

the stable flame cannot be continuously generated because of blowoff 

phenomenon. Therefore, research on the blowoff is extensively studied to 

generate the bluff-body-stabilized flame. 

 

Table 1.1 Type of bluff-body[7] 

Year Reference Cross-Section of the Bluff-Body 

2000 Fureby [8] Triangular  

2003 Soteriou et al. [9] Rectangular  

2006 Nair and Lieuwen [10] Circular  

2006 Smith et al. [11] 
Blunt Leading Edge & 

Sharp Trailing Edge 
 

2006 Kiel at al. [12] v-gutter  

 

 

Figure 1.1 Schematic of the flow features in an isothermal bluff-body flow [13] 
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1.2 Blowoff 

 

In recent years, the blowoff characteristics of bluff-body flame have been a 

topic of extensive research such as gas turbine, rocket, ramjet, and so on. 

The blowoff is defined as the phenomenon, which flame cannot be stabilized 

and completely extinguished. It was found that blowoff occurs when the 

contact time between the combustible mixture and the hot gases in the shear 

layer exceeds the chemical ignition time [13,14]. According to Longwell, 

blowoff occurs when the rate of entrainment of the reactants in the 

recirculation zone, viewed as a well-stirred reactor, is not proportional to the 

rate of burning [15]. In recent studies, blowoff occurs because of local 

extinction as a result of excessive flame stretch near the bluff-body [16].  

According to Shanbhogue et al., blowoff occurs stage by stage [13]. The 

first stage is the localized extinction of the flame sheet due to the local flame 

strain rate exceeding the extinction strain rate. The second stage is the large-

scale disruption of the wake and the transition of the recirculation zone. 

In other studies, many researchers have investigated the blowoff, nobody 

have explained the details of the blowoff phenomenon.) Therefore, in this 

study, the blowoff phenomenon was experimentally investigated in a ducted 

combustor to reveal the blowoff mechanism. 
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1.3 Excitation Effect 

 

The blowoff generally occurs when the chemical reaction time scale for 

ignition exceeds the characteristic flow time of unburned reactant. However, 

in the presence of external excitation, the characteristic flow time is changed. 

In addition, Depending on the external acoustic excitation, the blowoff 

equivalence ratio (Фbo) has various values corresponding to the frequency. 

This is because the shear layer of the flame responses to the external 

excitation and makes harmonic excitation. Therefore, the external excitation 

has a significant impact on the extinction and structural features of the flame.  

Since the 21th century, the blowoff with external excitation has been 

gradually studied in unconfined conditions. According to Chaudhuri et al., 

forced vortex shedding phenomenon within the recirculation zone 

accompanies flame blowoff when the convective wavelength of the imposed 

oscillation is larger than the recirculation zone length in the streamwise 

direction [17]. Biswas et al. characterized oscillations of recirculation zone 

length at harmonic excitation frequencies accompanied by a cyclically 

varying strain rate along the flame front [18]. According to Sheteinberg et al., 

premixed flame inside a combustor with bluff-body is susceptible to self-

excited oscillation [19]. However, there has been almost no research on 

blowoff in premixed combustor when external excitation is present. 

Therefore, we experimentally investigated the effect of the variation in the 

frequency and the intensity of the external excitation on the blowoff in 
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premixed combustor and comprehensively conclude a mechanism of blowoff 

with external excitation.  
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Chapter 2. APPARATUS & EXPERIMENTAL 

METHOD 

 

2.1 Apparatus 

 

2.1.1 Overall Configuration 

 

This study was performed using a lab-scale confined combustor with a 

bluff-body and a compression driver. The combustor has a square cross-

section area of 40 x 40 mm
2
 and a long duct shape in the longitudinal 

direction. The exit of the combustor is open type.  

Figure 2.1 shows overall configuration of experimental apparatus. The 

experimental apparatus consisted of three sections; air supply, fuel supply-

mixing , and combustion. An air compressor used to supply influx air could 

deliver compressed air up to 8 bars. The air coming from the air compressor 

passed through air filters and an air dryer. An orifice having area ratio of 

0.125 compared to the combustor was installed in upper section of 

combustor for controlling the mass flowrate of influx air. This orifice also 

denoted the upper acoustic boundary of the fuel supply-mixing section and 

combustion section. 

Natural gas mainly composed of methane was used as fuel. Natural gas is 

composed 89% CH4 and 9% C2H6. Fuel was supplied through a pipeline, 
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which has a total pressure of 8bar. This fuel was controlled by on-off valves 

and a gas regulator, and delivered to the injectors mounted at the fuel supply 

section. Fuel injector having plane-orifice type was mounted at the top and 

bottom of the fuel supply section at 520 mm back of the bluff-body. And fuel 

was then injected perpendicular to the air flow direction. This fuel premixed 

with air at the mixing chamber and supplied to the combustor with forcing 

acoustic excitation. For an external acoustic excitation, a compression driver 

unit was attached to the combustor side wall at 210 mm ahead of bluff-body. 

Figure 2.2 shows a schematic of the combustor with the compression driver. 

The combustion section consisted of igniter, bluff-body, quartz windows, 

and extension ducts. A torch igniter used for initial ignition used hydrogen 

and air. The igniter was installed directly below the bluff-body. The v-gutter 

bluff-body take the angle of 60°, the side of which is 10 mm in length. This 

bluff-body was installed on the side wall of the combustion section. The 20 

mm thick quartz window was used in order to visualize the flame. These 

windows were installed at the top and side of the combustion section. 
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Figure 2.1 Overall configuration of experimental apparatus 

 

 

(a) 

 

(b) 

Figure 2.2 Schematic of the combustor: (a) Overall shape (b) Bluff-body  
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2.1.2 Acoustically-Forcing System 

 

To achieve the excitation on premixed gas, a 150 W compression driver 

unit (Sammi, SU-150EF) was used with an audio amplifier (Alesis, RA-150). 

The compression driver unit plays the frequency range of 150 Hz to 5000 Hz 

and has a input impedance of 8Ω. This compression driver was driven by an 

audio amplifier. The amplifier could deliver 75 Wrms per channel for 4Ω and 

45 Wrms per channel for 8Ω. PXI-1042 (National Instrument Co.) was 

connected to the amplifier for give alternating current voltage. An input 

voltage was adjusted for an output excitation intensity using the amplifier 

and regulating input values in LabVIEW program. External excitation 

frequency range from the compression driver was 150 Hz to 1000 Hz in 

steps of 10 Hz. Oscilloscope was connected to the PXI-1042 system and 

used to confirm the voltage maintenance. 

 

        

(a) (b) 

Figure 2.3 Acoustically forcing system: (a) Compression driver unit (b) Amplifier 
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2.1.3 Data Acquisition System 

 

For analyze the experiment, temperature, static pressure, sound pressure, 

and mixture flow velocity were measured. We used K-Type Thermocouple 

(Omega Co.) for obtaining temperature, Pressure transducer (Valcom Co.) 

for measuring static pressure. For collecting data of temperature and static 

pressure, the PXI-1042 was used. Temperature measuring points were 2 

points at inlet duct, 1 point at combustor. Static pressure measurement point 

is located in inlet duct. To measure the sound pressure of the compression 

driver, PCB 130D21 microphone was used. And signal conditioner was used 

for signal conditioning and DAQ (National Instrument Co.) was used for 

collecting sound pressure information. Sampling rate of temperatures and 

static pressures are 1 Hz and sound pressure data were obtained 4,000 per 1 

second. Also, An air flow transducer (6332D, Kanomax) and probe (0964-01, 

Kanomax) were used to measure the flow velocity inside the combustor. 

These measurement equipments are shown in Figure 2.4.  

          

(a) (b) (c) 

Figure 2.4 Measurement equipments: (a) PXI 1042-DAQ equipment (b) Pressure 

transducer (c) PCB 130D21 microphone  
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2.2 Experimental Method 

 

In this study, the blowoff process was tested repeatedly. OH* 

chemiluminescence was performed for obtaining the information of OH* 

radical distribution associated with heat release. Post-processing of OH* 

chemiluminescence images were performed for clarifying the images and 

investigating the dynamic characteristics of flame. 

 

2.2.1 Blowoff Method 

 

Lowering the equivalence ratio, lean blowoff was to occur. Therefore, 

value the equivalence ratio in flammable range to form a stable flame before 

the lean blowoff. To observe the lean blowoff, reduce the amount of fuel 

gradually. Due to the characteristics of experiment, equivalence ratio had a 

range value. Therefore, mean values of repeatedly measured equivalence 

ratios were recorded.  

For an acoustically-forced-blowoff, operate the compression driver unit 

after the stable flame is formed. Then, in the same way as before, reduce the 

amount of fuel gradually. Equivalence ratio causing the blowoff was 

measured with varying air mass flowrate ( �̇� air) and frequency. OH* 

chemiluminescence was performed to capture the blowoff images. 
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2.2.2 OH* Chemiluminescence 

 

In order to observe the structure and change of flame, image-based method 

was performed. A high-speed ICCD Camera (FASTCAM Ultima II, Photron 

Co.) was used with a 105 mm macro lens (Canon) in this study for recording 

OH* chemiluminescence images of high-frequency flame. It had a resolution 

of 1024 x 512 pixels and a frame rate set to 4000 fps. A 310 mm band-pass 

filter with 10 nm bandwidth located in front of the high speed ICCD camera.  

The chemiluminescence images of the flame were divided into three kind 

of state: stable, near blowoff, and blowoff. The stable flame image was used 

to analyze dynamic characteristics of the shear layer. Principal component 

analysis was applied by using continuous chemiluminescence images of 

stable flame. And average flame image was acquired by summation of the 

OH* chemiluminescence image intensity. 

All kind of the states were used to analyze the entire process of the blowoff. 

Especially shear layer of the bluff-body flow was mainly observed to 

analyze the near blowoff effect such as flash back, flame hole, local 

extinction and so on. 
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2.2.3 POD Algorithm 

 

POD (proper orthogonal decomposition) is a kind of principal component 

analysis in mechanical engineering. POD was used as means of 

characterizing the energy and nature of shedding modes as flames transition 

to acoustic instabilities and blowoff. 

POD algorithm analyzes all the images to determine the most dominant 

mode. Before applying the POD algorithm, OH* chemiluminescence images 

of the stable flame were recorded. For the stable flame, the equivalence ratio 

range of the stable flame was measured. After applying the POD algorithm 

using the OH* chemiluminescence images, dominant mode shapes of the 

flame were obtained in numerical order and time coefficient values were 

measured. Eventually, the frequency of the shear layer was obtained as a 

FFT result of the time coefficients. 
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2.3 Experimental Condition 

 

Combustion tests were performed with various inlet �̇�air conditions from 

10 g/s to 25 g/s in steps of 2.5 g/s. Equivalence ratio was calculated using 

�̇�air and amount of fuel. Equivalence ratio can be controlled in the range of 

0.4 to 1.0. Inlet air and fuel temperatures were 290 ± 1 K. Excitation 

intensity changed from 86.7 dB to 98.8 dB. To give the same value of the 

Excitation intensity, voltage adjustment was necessary. External acoustic 

excitation frequency changed from 150 Hz to 400 Hz in steps of 10 Hz. In 

the case of 96.1 dB, 15 g/s , exceptionally, the frequency changed from 150 

Hz to 1000 Hz in steps of 10 Hz. Table 2.1 shows the dimensions of the 

experimental condition and combustor design parameters. 

 

Table 2.1 Experimental conditions 

Contents Condition 

Fuel type Natural Gas 

Air Mass Flowrate 10 m/s ~ 25 m/s 

Mixture Temperature 290 ± 1 K 

Equivalence Ratio 0.40 ~ 1.00 

Bluff-Body Diameter 10 mm 

External Acoustic Frequency 150 Hz ~ 1000 Hz 

Excitation Intensity 86.7 dB ~ 98.8 dB 
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Chapter 3. RESULT & DISCUSSION 

 

3.1 Flammable Range 

 

Figure 3.1 shows flammable range of the equivalence ratio with the various 

�̇�air values in the test combustor without excitation. Reynolds number at the 

edge of bluff-body was calculated using mixture flow velocity and bluff-

body diameter and has the range of 6000 to 16000.  

Flame region was divided into three kinds of regions: blowoff region, 

stable region, unstable region. The blowoff occurred when the equivalence 

ratio was less than lower flammable limit or more than upper flammable 

limit. 

Flame stable region is between lower flammable limit line and transition 

line. Unstable region is between transition line and upper flammable limit 

line. In this case, mixture velocity fluctuation causing flashback 

phenomenon frequently occurred. Increasing the Reynolds number, the 

upper flammable limit equivalence ratio was increased but the lower 

flammable limit equivalence ratio had almost the same value. Therefore, 

flammable range of the equivalence ratio was decreased. 

In this study, equivalence ratio of the lean blowoff which occurs reducing 

equivalence ratio under the lower flammable limit was measured with 

varying acoustic excitation conditions. 
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Figure 3.1 Flame stability curve 
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3.2 Blowoff Equivalence Ratio  

 

Depending on the acoustic excitation, the Фbo have various values 

corresponding to the frequency. Therefore, measuring the Фbo with and 

without the acoustic excitation was conducted to examine the relationship 

between the frequency and the Фbo. Specifically, we controlled the �̇�air 

value and the excitation intensity to see the effect of each of the variables.  

 

3.2.1 Sound Pressure Effect 

 

Figure 3.2(a) shows the variation of Фbo when the intensity of the external 

excitation increased. At this time, �̇�air was fixed at 15 g/s and the frequency 

was changed from 150 Hz to 400 Hz in steps of 10 Hz. In the same �̇�air, the 

value of Фbo without excitation was calculated as 0.448 and it was shown in 

Figure 3.2(a) by a dotted line. Figure 3.2(b) shows the three dimensional 

shape of the Figure 3.2(a). 

The Фbo has the range of 0.452 to 0.568. At the same frequency, the Фbo 

increased proportional to the excitation intensity. This tendency can be 

shown in more detail through the slope of Figure 3.2(b).  
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(a) 

 

(b) 

Figure 3.2 Blowoff equivalence ratio with varying acoustic frequency and 

excitation intensity: (a) 2D shape (b) 2D shape 
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The impact of the excitation intensity on the value of Фbo was different with 

respect to the frequency. In the figures, it is possible to see that Фbo was 

similar to Фbo without excitation, regardless of the excitation intensity near 

220 Hz and 230 Hz. In the case of 86.7 dB, it can be also seen that Фbo 

substantially similar to Фbo without excitation. On the other hand, the value 

of Фbo was rapidly increased in response to the excitation intensity near 170 

Hz and 350 Hz. In this case, it was difficult to maintain the flame. Therefore, 

it was thought that the value of Фbo easily response to the external excitation 

because of the dynamic characteristics of the flame. 

 

 

3.2.2 Air Mass Flowrate Effect 

 

Figure 3.3 shows the variation of Фbo when the �̇�air through the air 

compressor increased. At this time, �̇�air was changed from 10 g/s to 25 g/s 

in steps of 2.5 g/s and the excitation intensity was fixed at 96.1 dB. The 

average value of the Фbo increased proportional to the �̇�air value. Especially, 

Фbo was rapidly increased in response to the excitation intensity near 170 Hz 

and 350 Hz. At low �̇�air, a curve form of Фbo at certain frequency stood out. 

At all �̇�air, this form was presented similar to the Figure 3.2(a).  

Generally, the main factor affects the variation of Фbo is a harmonic 

excitation effect. Flame Vortex generated in the shear layer responds strongly 

to an external excitation that makes the harmonic excitation. The type of 
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vortex shedding frequency is classified: the frequency of convective 

instabilities such as Kelvin-Helmholtz instability, the resonance frequency of 

the combustor geometry, and so on. However, with varying the �̇�air value, 

the frequencies having the peak value of Фbo were not changed in Figure 3.3. 

Therefore, the main factor affects the variation of Фbo was not the convective 

instabilities.   

To examine the relationship between the frequency and Фbo in more detail, 

frequency range increased to 1000 Hz. At this time, �̇�air was fixed at 15 g/s 

and the excitation intensity was fixed at 96.1 dB. The results are shown in 

Figure 3.4. This result shows that specific frequencies with a high Фbo exist 

in the range of 150 Hz to 1000 Hz. Increasing the frequency, the peak values 

of Фbo was to decrease. This phenomenon is due to the lower effect of 

acoustic excitation intensity at the high frequency. Therefore, it was 

supposed that the peak value of Фbo converge to near 0.448, which was the 

value of Фbo without excitation. It means that the blowoff at high frequency 

is similar to the blowoff without excitation. In addition, frequencies having 

the peak value of Фbo were appeared periodically. It will be discussed after 

analyzing flame images. 
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Figure 3.3 Фbo with varying acoustic frequency and �̇�air 

 

Figure 3.4 Фbo with varying acoustic frequency (150 Hz – 1000 Hz) 
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3.3 Image Analysis 

 

To see the blowoff process, OH* chemiluminescence was used. The 

chemiluminescence images were divided into four kinds of conditions: Near 

blowoff and blowoff without external acoustic excitation, and two kinds of 

blowoff with external acoustic excitation. The time at which the blowoff 

occurred was defined as t = 0 ms. The time before the blowoff was defined 

as a negative value, and the time after the blowoff was defined as a positive 

value. Each image was arranged at intervals of 4 ms. A bluff-body has been 

displayed in v-shape.    

 

3.3.1 Blowoff without External Excitation 

 

Figure 3.5 shows the OH* chemiluminescence images near the Фbo value. 

At this time, �̇�air was fixed at 15 g/s and the equivalence ratio was about 

0.45 to 0.46. 

At all times, the extent of the recirculation zone at the bluff-body 

downstream was almost the same. At t = -292 ms, the strength of the flame 

was significantly weakened and this phenomenon had appeared repeatedly 

until the blowoff occurred. As the unburned reactant introduced downstream 

of the bluff-body due to the vortex did not burn, the strength of the flame 

was decreased. At t = -272 ms, a flame hole which is a well-known 

phenomenon in near blowoff occurred when the flame was locally 
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extinguished [13].  

Figure 3.6 shows the OH* chemiluminescence images of the blowoff 

without excitation. At this time, �̇�air was fixed at 15 g/s and Фbo was 0.448. 

Just before the blowoff, the recirculation zone became smaller. The unburned 

reactant was entrained in the bluff-body downstream due to the vortex 

generated in the shear layer. This entrainment resulted in the production of a 

flame hole.  

At t = -28 ms, the recirculation zone collapsed, and the flame remained 

very small. However, the flame was not completely extinguished and 

became stable again. This phenomenon occurred repeatedly close to the 

blowoff. Eventually, the smaller flame did not recover and it was affected by 

the next vortex. The flame gradually being moved to the inside of the bluff-

body and eventually the blowoff occurred. 
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Figure 3.5 OH* chemiluminescence images near the blowoff without excitation 

 

 

Figure 3.6 OH* chemiluminescence images in the event of blowoff without 

excitation 
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3.3.2 Blowoff with External Excitation 

 

External excitation affects the extinction and changes the structure of the 

flame. Especially, the acoustic excitation is a dominant factor influencing the 

characteristics of combustion phenomena. Therefore, using compression 

driver unit, the effects of the external excitation on the flame blowoff were 

investigated. 

Figure 3.7 and Figure 3.8 shows the OH* chemiluminescence images of the 

blowoff with external excitation. At this time, �̇�air was fixed at 15 g/s and 

the excitation intensity was fixed at 96.1 dB. Each external excitation 

frequency of the two figures was selected in Figure 3.4 : 170 Hz and 230 Hz 

as having the lowest and the highest Фbo value.  

Figure 3.7 shows the OH* chemiluminescence images of the blowoff with 

excitation and fex was 170 Hz. In this case, Фbo was 0.568. Unlike the 

blowoff without excitation, the flame burning at high equivalence ratio led to 

strong-intensity images. At t = -16 ms, compared to the blowoff without 

excitation, a strong vortex generated behind the bluff-body so that the flame 

hole occurred in more detail. The generation cycle of the flame hole was the 

same as the applied external frequency. At t = -8 ms and t = -4 ms, the flame 

width was changed so that the flame fill up the combustor. Flashback 

occurred due to the strong fluctuation of the mixture gas generated by the 

external excitation. In addition, at t = 8 ms and t = 12 ms, flame pushed back 

to the combustor after the blowoff due to the fluctuation. This fluctuation 
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was generated respond strongly to an external excitation that makes the 

harmonic excitation [20]. It will be discussed after applying the POD 

algorithm. 

Figure 3.8 shows the OH* chemiluminescence images of the blowoff with 

excitation and fex was 230 Hz. In this case, Фbo was 0.453 which is 

approximately the same value of Фbo without excitation. As a result of 

analyzing the images, the flame structure of Figure 3.8 was similar to the 

Figure 3.6. Therefore, at fex = 230 Hz, the external excitation did not affect 

the occurrence of the blowoff. 

By analyzing the OH* chemiluminescence, the blowoff with excitation can 

be described as follows. Near the value of Фbo, the unburned reactant was 

entrained in the bluff-body downstream due to the vortex generated in the 

shear layer. The recirculation zone collapsed and it was affected by the next 

vortex. The flame did not recover and eventually the blowoff occurred. The 

blowoff differently occurred at each frequency and the resonance frequency 

of the combustor geometry seemed to be the main factor of harmonic 

excitation. In other words, the combustor geometry affected the frequency of 

the shear layer which is easily response to the external excitation. 
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Figure 3.7 OH* chemiluminescence images in the event of blowoff with excitation 

(f=170 Hz) 

 

 

Figure 3.8 OH* chemiluminescence images in the event of blowoff with excitation 

(f=230 Hz) 
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3.4 POD Analysis 

 

The flame shear layer is basically generated by a Kelvin-Helmholtz 

mechanism and is easily amplified. When combustion occurs, the strong 

vortex generated from shear layer plays a dominant role in the near field of 

the bluff-body. Therefore, POD was used taken at 4000 fps of stable flames 

without excitation.  

 

3.4.1 Vortex Shedding Frequency 

 

Figure 3.9 shows a time averaged flame image using the OH* 

chemiluminescence images of the stable flame. At this time, �̇�air was fixed 

at 15 g/s and equivalence ratio was fixed at 0.5. Figure 3.10 is the results of 

the POD mode (POM) analysis under the same conditions as Figure 3.9.  

POM numbers 0 to 999 were obtained as a result of analyzing a total of 

1000 images. POM 0 represents the most dominant image of the bluff-body 

flame. The following modes represent next dominant forms of the bluff-body 

flame in numerical order. More than 89% of the energy appeared in the POM 

numbers 0 to 5 so that it was analyzed intensively. 

Figure 3.11 shows the FFT results of the POM 0 to 5 values. At this time, 

air flowrate was 15 g/s and equivalence ratio was 0.5. The vortex frequency 

of the each mode was calculated using the time interval between the image 

sources and the time coefficient value obtained in each mode. The dominant
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Figure 3.9 Time averaged flame image using OH* chemiluminescence 

 

 

(b) 

Figure 3.10 Calculated modes using POD algorithm 
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mode numbers mainly effect on the each peak frequency were 

distinguishable through the mode spectrum. 

Figure 3.12 shows the added frequency data from POM numbers 0 to 999. 

At this time, �̇�air values were 15 g/s, 20 g/s, and 25 g/s and equivalence 

ratios were 0.5, 0.5, and 0.55. These graphs mean the frequency of the shear 

layer of the stable flame. Each of the first and the second dominant mode 

numbers were marked on the basis of Figure 3.11 results. The results show 

that the higher mode number influenced on the formation of a higher 

frequency. 

In addition, with varying �̇�air, the frequencies having the peak value of Фbo 

were not changed and appeared periodically. Therefore, these frequencies 

were generated regardless of the �̇�air value so that the resonance frequency 

of the combustor geometry seemed to be the main factor of generating these 

frequencies.  

A closed type combustor has approximate resonance frequencies (fn) 

specified in appendix part. fn is changed by speed of sound and length of 

combustor. Using equation, a minimum theoretical resonance frequency was 

52 Hz and the rest frequencies were values of an odd multiple of 52 Hz. 

Near these frequencies, the magnitudes of the figure rapidly increased. 

Therefore, the most dominant frequency of vortex in shear layer was the 

resonance frequency of the combustor geometry. 
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Figure 3.11 FFT spectrum according to various modes 

 

 

Figure 3.12 FFT spectrum according to various �̇�air 
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3.4.2 Comparative Analysis 

 

Figure 3.13 shows the results of Фbo and POD, which was used in order to 

compare the results. The upper line in Figure 3.13 shows the Фbo. At this 

time, �̇�air was fixed at 15 g/s and the excitation intensity was fixed at 96.1 

dB. The lower line in Figure 3.13 shows the added frequency data from POD 

numbers 0 to 999. At this time, �̇�air was 15 g/s and equivalence ratio was 

0.5.  

The Фbo and the magnitude increased at nearly same frequencies. In other 

words, the Фbo was increased in case of forcing the same external excitation 

frequency as the resonance frequency of the combustor geometry. When the 

external excitation was approximately consistent with the frequency of the 

shear layer, harmonic excitation occurred at the vortex in shear layer. The 

harmonic excitation generated in the shear layer increased the strength of the 

vortex and helped the unburned reactant entrainment. Therefore, with the 

specific external excitation frequency, the unburned reactant strongly 

penetrated and was entrained into reduced recirculation zone so that the 

recirculation zone collapsed. Eventually, the entrained unburned reactant 

failed to ignite and the blowoff occurred at the high equivalence ratio. 
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Figure 3.13 Comparison of Фbo and FFT result of POD analysis 
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3.5 Blowoff Mechanism 

 

Figure 3.14 shows the blowoff mechanism based on experimental results. A 

recirculation zone length is reduced by decreasing the equivalence ratio. 

Then the unburned reactant penetrate the reduced recirculation zone and is 

entrained into reduced recirculation zone so that the recirculation zone 

collapse. Before the blowoff occurs, collapsed recirculation zone recovers 

repeatedly such as the feedback mechanism. When the equivalence ratio 

reach Фbo, the burning velocity have a larger value than the entrainment 

velocity of the unburned reactant. Eventually, the shear layer fails to 

reconnect and blowoff occurs. 

A dotted part of the Figure 3.14 shows the blowoff mechanism with 

external acoustic excitation. When the external excitation is approximately 

consistent with the frequency of the shear layer, harmonic excitation occurs 

at the vortex in shear layer. The harmonic excitation generated in the shear 

layer increases the strength of the vortex and helped the unburned reactant 

entrainment. In addition, the strength of the vortex can be increased by 

increasing excitation intensity. Eventualy, the entrained unburned reactant 

failed to ignite and the blowoff occurred at the higher equivalence ratio. 
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Figure 3.14 Blowoff Mechanism with and without external acoustic excitation 
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Chapter 4. CONCLUSION 

 

In this study, the acoustically-forced-blowoff characteristics of a lean 

premixed flame in a ducted combustor were investigated. The Фbo was 

measured with varying �̇�air and excitation conditions. When the external 

excitation was approximately consistent with the frequency of the shear layer, 

the blowoff occurred at the high equivalence ratio. In addition, the Фbo 

increased proportional to the excitation intensity at the same frequency.  

The mean value of the Фbo increased proportional to the �̇�air at the same 

excitation intensity. On the other hand, even if �̇� air had changed, the 

frequencies having the peak value of Фbo were not changed. Therefore, these 

frequencies were generated regardless of the �̇�air so that the resonance 

frequency of the combustor geometry seemed to be the main factor of 

generating these frequencies. 

To see the blowoff process, OH* chemiluminescence was used with and 

without external excitation. By analyzing the OH* chemiluminescence, the 

blowoff with excitation can be described as follows. Near the value of Фbo, 

the unburned reactant was entrained in the bluff-body downstream due to the 

vortex generated in the shear layer. The recirculation zone collapsed and it 

was affected by the next vortex. The flame did not recover and eventually 

the blowoff occurred. The blowoff differently occurred at each frequency 

and the resonance frequency of the combustor geometry seemed to be the 
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main factor of harmonic excitation. 

To measure the frequency values of the shear generated vortex of the bluff-

body downstream, POD Algorithm was applied to the OH* 

chemiluminescence images of the stable flame. The Фbo was increased in 

case of forcing the same external excitation frequency as the resonance 

frequency of the combustor geometry. When the external excitation is 

approximately consistent with the frequency of the shear layer, harmonic 

excitation occurs at the vortex in shear layer. The harmonic excitation 

generated in the shear layer increases the strength of the vortex and helped 

the unburned reactant entrainment. Eventually, the entrained unburned 

reactant failed to ignite and the blowoff occurred at the higher equivalence 

ratio. We concluded that the resonance frequency of the combustor geometry 

is the major factor effects on the blowoff. 
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Appendix A. Voltage Adjustment 

 

Figure A.1 shows RMS value of sound pressure obtained using microphone. 

The sound pressure is directly proportional to the input voltage of 

compression driver. And sound pressure is also directly proportional to the 

frequency when particle displacement is maintained constant. Therefore, 

voltage at specific frequency can be described as 

 

𝑉𝑓𝑟𝑒𝑞 =
𝑃𝑟𝑒𝑓𝑓𝑓𝑟𝑒𝑞

𝑃𝑓𝑟𝑒𝑞𝑓𝑟𝑒𝑓
𝑉𝑟𝑒𝑓 (A.1) 

 

Where Pref is measured sound pressure at reference frequency, Pfreq is 

measured sound pressure at specific frequency using microphone, ffreq is 

specific frequency, fref is reference frequency, and Vref is voltage at reference 

frequency. 

Figure A.2 shows adjusted voltage using compression driver in the 

frequency range of 150 Hz to 400 Hz in steps of 10 Hz. This data was 

acquired by measuring the sound pressure with varying frequency and 

voltage. The reference voltage had the range of 2 V to 12 V in steps of 2 V. 

The measurement was performed at quasi-free-field condition. 

  



 

 

 

39 

 

Figure A.1 Measured sound pressure with varying acoustic frequency 

 

 

Figure A.2 Adjusted voltage with varying excitation frequency 
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Appendix B. Sound Pressure Level 

 

Sound pressure level (SPL) is a logarithmic measure of the effective sound 

pressure of a sound relative to a reference value. It is measured in decibels 

(dB) above a standard reference level. The SPL value obtained using a 

microphone is described as 

 

𝑆𝑃𝐿 = 10log (
𝑃𝑟𝑚𝑠

2

𝑃0
2 ) = 20log (

𝑃𝑟𝑚𝑠

𝑃0
) (B.1) 

 

Where Prms is root mean square value of 5000 sound pressures obtained one 

second, and 𝑃0 = 2.9 × 10−9𝑝𝑠𝑖.  

The excitation intensity indicates the value of the SPL obtained at a 

standard distance of 1 m. When SPL1 is measured at a distance r1, the SPL2 

at the distance r2 is described as  

 

𝑆𝑃𝐿2 = 𝑆𝑃𝐿1 + 20 log (
𝑟1

𝑟2
) (B.2) 

 

Where SPL1 is calculated value using eq. b.1, r1 is a distance measuring 

sound pressure, r2 is standard distance of 1 m. when measuring sound 

pressures, a distance r1 was 1.3 cm as considering a sensitivity of the 

microphone. Eventually, the excitation intensity which was used in this study 
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was calculated in the range of 86.7 dB to 98.8 dB. Results of the calculation 

are shown in Table B.1. 

 

Table B.1 Sound pressure and excitation intensity 

Vref (V) Prms (a.u.) SPL1 (dB) SPL2 (dB) 

2 0.0964 164.4 86.7 

4 0.1943 170.5 92.8 

6 0.2461 172.6 94.8 

8 0.2863 173.9 96.1 

10 0.3202 174.8 97.1 

12 0.3896 176.5 98.8 
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Appendix C. Acoustic Resonance 

 

Acoustic resonance is significantly affects flame instability. The resonance 

of a tube is related to the length of the tube, its shape, and whether it has 

closed or open ends. A closed type combustor has approximate resonance 

frequencies described as 

 

𝑓𝑛 =
(2𝑛−1)𝑐

4𝐿
  (𝑛 = 1, 2, 3,⋯ ) (C.1) 

 

Where, c is speed of sound, L is length of combustor. Here, the speed of 

sound, c can be expressed as  

 

𝑐 = 331.5 + 0.61𝑇 (C.2) 

 

Where, T is air temperature in Celsius degree. Before the combustion 

section, 𝑇 = 17℃ and inside the combustion section, 𝑇 = 800℃. These 

values were used to calculate speed of sound in total chamber (ctot). The 

mean value of c in total chamber is described as 

 

𝑐𝑡𝑜𝑡 =
𝐿𝑡𝑜𝑡

𝐿𝑐ℎ𝑎𝑚
𝑐𝑐ℎ𝑎𝑚

+
𝐿𝑐𝑜𝑚𝑏
𝑐𝑐𝑜𝑚𝑏

 (C.3) 
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Using eq. C.1, C.2, C.3, a minimum theoretical resonance frequency (fn) 

was 52 Hz and the rest frequencies were values of an odd multiple of 52 Hz. 

This calculated value was the most dominant frequency of vortex in the 

shear layer.  
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초    록 

 

보염기가 장착된 연소기에서 화염 날림 현상은 가스터빈, 로켓, 

램제트 등 많은 연구 분야에서 주제로 다루어졌다. 일반적으로 

화염 날림은 연소의 화학 반응 시간이 반응물의 유입 시간을 

초과하는 경우 발생한다. 화염 날림이 발생하는 과정에서, 외부 

음향 가진은 화염 날림의 조건과 화염의 구조적 형상에 크게 

영향을 미친다. 하지만 예혼합 연소기 내에서 화염 날림 현상에 

대한 연구는 현재까지 진행된 것이 거의 없다.  

본 연구에서는 보염기가 장착된 덕트형 연소기에 음향 가진을 

주었을 때 화염의 날림 현상을 이해하기 위한 실험을 수행하였다. 

연료는 메탄이 주 성분인 도시가스를 사용했으며 당량비를 

낮춤으로서 희박 화염 날림이 발생하도록 하였다. 화염 날림 

조건을 분석하기 위하여 공기 공급 유량, 가진 주파수 및 음압에 

변화를 주며 실험을 하여 화염 날림이 발생하는 당량비를 

측정하였다. 그 결과 특정 주파수에서 화염 날림 당량비가 

급격하게 증가하는 것을 확인하였다. 이는 화염 전단층의 주파수와 

관련 있다고 판단하였고, 따라서 화염 주파수 측정을 위한 이미지 

촬영을 하였다. 화염 구조를 관측하기 위한 촬영기법으로는 OH* 

자발광이 적용되었다. 화염 전단층의 주파수와 화염 형상을 

지배하는 모드를 얻어내기 위하여 자발광 이미지에 POD (Proper 

Orthogonal Decomposition) 알고리즘을 적용하여 해석하였다. 실험 
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조건에 따라 화염 날림 당량비 값이 크게 달랐으며 이러한 당량비 

값에 변화를 주는 주된 요인은 보염기 후류의 와류 주파수와 

연소기 공진 효과의 영향으로 판단된다. 최종 결과로, 측정된 

당량비 값과 이미지 분석을 통해 가진시와 비가진시 화염 날림 

메커니즘에 대하여 정리하였다. 

 

 

주요어: 예혼합 화염, 보염기, 화염 날림, 외부 가진, OH* 자발광 

학  번: 2012-20678 
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Abstract 

An Experimental Study on Blowoff 

Mechanism of Bluff-Body-Stabilized 

Acoustically-Forced Premixed Flame 
 

Jaeik Shin 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

Flame blowoff phenomenon in combustor with bluff-body has been a topic 

of extensive research such as gas turbine, rocket, ramjet, and so on. The 

blowoff generally occurs when the chemical reaction time scale for ignition 

exceeds the characteristic flow time of unburned reactant. In the process of 

the blowoff, external acoustic excitation has a significant impact on the 

blowoff conditions and structural features of the flame. However, there has 

been almost no research on blowoff in premixed combustor when external 

excitation is present. 

In this study, blowoff was investigated in a ducted combustor with the bluff-

body when acoustic excitation was forced. Natural gas mainly composed of 

methane was used as fuel. Lowering the equivalence ratio, lean blowoff was 

to occur. Blowoff equivalence ratio was measured with varying �̇� air, 

excitation frequency and sound pressure to analyze the blowoff. As a result, 

we confirmed that the blowoff equivalence ratio was increased at specific 

frequency. This frequency is determined as a frequency related to the 

frequency of shear layer, therefore flame images were taken for measurement 

of the frequency on the flame. To observe the flame structure, OH* 

chemiluminescence was used. Chemiluminescence images were analyzed by 

applying POD (Proper Orthogonal Decomposition) algorithm to obtain the 

dominant mode and the frequency of shear layer. Depending on the 
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experimental conditions, blowoff equivalence ratio was valued very 

differently. Vortex frequency behind the bluff-body and resonance effect in 

combustor are the main factors that affect the blowoff equivalence ratios with 

the excitation. As a final result, we defined the blowoff mechanism with and 

without external excitation based on the measured equivalence ratio values 

and image analysis. 

 

 

Keywords: Premixed Flame, Bluff-Body, Blowoff, External Excitation, 

OH* Chemiluminescence 

Student Number: 2012-20678 
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Chapter 1. INTRODUCTION 

 

1.1 Bluff-Body-Stabilized Flame 

 

The engine industry development in automobile and aircraft lead efficiency 

and power demanded when designing a combustor. As increasing the 

combustor efficiency, the flame inside the combustor is self-excited via 

interaction with the combustion process in lean condition so that combustion 

instability occurs [1]. Therefore, stability of a combustor is required as 

improving the performance of the combustor. Many researches have been 

actively proceeding for generating a stable flame. In order to generate the 

stable flame, various flame-holding methods were designed. As one of the 

methods, bluff-body has been used since the mid-late 20th century [2-4]. A 

stabilized flame is maintained in a recirculation zone behind a bluff-body. In 

the recirculation zone, unburned fuel/air mixture entrains continuously as a 

combustion reactant and mixing intensively occurs with hot combustion 

products. As a result, the bluff-body generates a slowly moving recirculation 

zone of the combustion products, which serves as the hot stream to effect 

ignition and flame stabilization. 

Until the present time, various shapes of the bluff-body have been studied 

to efficiently stabilize the flame [5,6]. According to Zukoski et al., a 

structure and dynamic characteristics of the stable flame can be changed 
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depending on the shape of the bluff-body [6]. In spite of using the bluff-body, 

the stable flame cannot be continuously generated because of blowoff 

phenomenon. Therefore, research on the blowoff is extensively studied to 

generate the bluff-body-stabilized flame. 

 

Table 1.1 Type of bluff-body[7] 

Year Reference Cross-Section of the Bluff-Body 

2000 Fureby [8] Triangular  

2003 Soteriou et al. [9] Rectangular  

2006 Nair and Lieuwen [10] Circular  

2006 Smith et al. [11] 
Blunt Leading Edge & 

Sharp Trailing Edge 
 

2006 Kiel at al. [12] v-gutter  

 

 

Figure 1.1 Schematic of the flow features in an isothermal bluff-body flow [13] 
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1.2 Blowoff 

 

In recent years, the blowoff characteristics of bluff-body flame have been a 

topic of extensive research such as gas turbine, rocket, ramjet, and so on. 

The blowoff is defined as the phenomenon, which flame cannot be stabilized 

and completely extinguished. It was found that blowoff occurs when the 

contact time between the combustible mixture and the hot gases in the shear 

layer exceeds the chemical ignition time [13,14]. According to Longwell, 

blowoff occurs when the rate of entrainment of the reactants in the 

recirculation zone, viewed as a well-stirred reactor, is not proportional to the 

rate of burning [15]. In recent studies, blowoff occurs because of local 

extinction as a result of excessive flame stretch near the bluff-body [16].  

According to Shanbhogue et al., blowoff occurs stage by stage [13]. The 

first stage is the localized extinction of the flame sheet due to the local flame 

strain rate exceeding the extinction strain rate. The second stage is the large-

scale disruption of the wake and the transition of the recirculation zone. 

In other studies, many researchers have investigated the blowoff, nobody 

have explained the details of the blowoff phenomenon.) Therefore, in this 

study, the blowoff phenomenon was experimentally investigated in a ducted 

combustor to reveal the blowoff mechanism. 
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1.3 Excitation Effect 

 

The blowoff generally occurs when the chemical reaction time scale for 

ignition exceeds the characteristic flow time of unburned reactant. However, 

in the presence of external excitation, the characteristic flow time is changed. 

In addition, Depending on the external acoustic excitation, the blowoff 

equivalence ratio (Фbo) has various values corresponding to the frequency. 

This is because the shear layer of the flame responses to the external 

excitation and makes harmonic excitation. Therefore, the external excitation 

has a significant impact on the extinction and structural features of the flame.  

Since the 21th century, the blowoff with external excitation has been 

gradually studied in unconfined conditions. According to Chaudhuri et al., 

forced vortex shedding phenomenon within the recirculation zone 

accompanies flame blowoff when the convective wavelength of the imposed 

oscillation is larger than the recirculation zone length in the streamwise 

direction [17]. Biswas et al. characterized oscillations of recirculation zone 

length at harmonic excitation frequencies accompanied by a cyclically 

varying strain rate along the flame front [18]. According to Sheteinberg et al., 

premixed flame inside a combustor with bluff-body is susceptible to self-

excited oscillation [19]. However, there has been almost no research on 

blowoff in premixed combustor when external excitation is present. 

Therefore, we experimentally investigated the effect of the variation in the 

frequency and the intensity of the external excitation on the blowoff in 
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premixed combustor and comprehensively conclude a mechanism of blowoff 

with external excitation.  
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Chapter 2. APPARATUS & EXPERIMENTAL 

METHOD 

 

2.1 Apparatus 

 

2.1.1 Overall Configuration 

 

This study was performed using a lab-scale confined combustor with a 

bluff-body and a compression driver. The combustor has a square cross-

section area of 40 x 40 mm
2
 and a long duct shape in the longitudinal 

direction. The exit of the combustor is open type.  

Figure 2.1 shows overall configuration of experimental apparatus. The 

experimental apparatus consisted of three sections; air supply, fuel supply-

mixing , and combustion. An air compressor used to supply influx air could 

deliver compressed air up to 8 bars. The air coming from the air compressor 

passed through air filters and an air dryer. An orifice having area ratio of 

0.125 compared to the combustor was installed in upper section of 

combustor for controlling the mass flowrate of influx air. This orifice also 

denoted the upper acoustic boundary of the fuel supply-mixing section and 

combustion section. 

Natural gas mainly composed of methane was used as fuel. Natural gas is 

composed 89% CH4 and 9% C2H6. Fuel was supplied through a pipeline, 
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which has a total pressure of 8bar. This fuel was controlled by on-off valves 

and a gas regulator, and delivered to the injectors mounted at the fuel supply 

section. Fuel injector having plane-orifice type was mounted at the top and 

bottom of the fuel supply section at 520 mm back of the bluff-body. And fuel 

was then injected perpendicular to the air flow direction. This fuel premixed 

with air at the mixing chamber and supplied to the combustor with forcing 

acoustic excitation. For an external acoustic excitation, a compression driver 

unit was attached to the combustor side wall at 210 mm ahead of bluff-body. 

Figure 2.2 shows a schematic of the combustor with the compression driver. 

The combustion section consisted of igniter, bluff-body, quartz windows, 

and extension ducts. A torch igniter used for initial ignition used hydrogen 

and air. The igniter was installed directly below the bluff-body. The v-gutter 

bluff-body take the angle of 60°, the side of which is 10 mm in length. This 

bluff-body was installed on the side wall of the combustion section. The 20 

mm thick quartz window was used in order to visualize the flame. These 

windows were installed at the top and side of the combustion section. 

 



 

 

 

8 

 

Figure 2.1 Overall configuration of experimental apparatus 

 

 

(a) 

 

(b) 

Figure 2.2 Schematic of the combustor: (a) Overall shape (b) Bluff-body  
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2.1.2 Acoustically-Forcing System 

 

To achieve the excitation on premixed gas, a 150 W compression driver 

unit (Sammi, SU-150EF) was used with an audio amplifier (Alesis, RA-150). 

The compression driver unit plays the frequency range of 150 Hz to 5000 Hz 

and has a input impedance of 8Ω. This compression driver was driven by an 

audio amplifier. The amplifier could deliver 75 Wrms per channel for 4Ω and 

45 Wrms per channel for 8Ω. PXI-1042 (National Instrument Co.) was 

connected to the amplifier for give alternating current voltage. An input 

voltage was adjusted for an output excitation intensity using the amplifier 

and regulating input values in LabVIEW program. External excitation 

frequency range from the compression driver was 150 Hz to 1000 Hz in 

steps of 10 Hz. Oscilloscope was connected to the PXI-1042 system and 

used to confirm the voltage maintenance. 

 

        

(a) (b) 

Figure 2.3 Acoustically forcing system: (a) Compression driver unit (b) Amplifier 
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2.1.3 Data Acquisition System 

 

For analyze the experiment, temperature, static pressure, sound pressure, 

and mixture flow velocity were measured. We used K-Type Thermocouple 

(Omega Co.) for obtaining temperature, Pressure transducer (Valcom Co.) 

for measuring static pressure. For collecting data of temperature and static 

pressure, the PXI-1042 was used. Temperature measuring points were 2 

points at inlet duct, 1 point at combustor. Static pressure measurement point 

is located in inlet duct. To measure the sound pressure of the compression 

driver, PCB 130D21 microphone was used. And signal conditioner was used 

for signal conditioning and DAQ (National Instrument Co.) was used for 

collecting sound pressure information. Sampling rate of temperatures and 

static pressures are 1 Hz and sound pressure data were obtained 4,000 per 1 

second. Also, An air flow transducer (6332D, Kanomax) and probe (0964-01, 

Kanomax) were used to measure the flow velocity inside the combustor. 

These measurement equipments are shown in Figure 2.4.  

          

(a) (b) (c) 

Figure 2.4 Measurement equipments: (a) PXI 1042-DAQ equipment (b) Pressure 

transducer (c) PCB 130D21 microphone  
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2.2 Experimental Method 

 

In this study, the blowoff process was tested repeatedly. OH* 

chemiluminescence was performed for obtaining the information of OH* 

radical distribution associated with heat release. Post-processing of OH* 

chemiluminescence images were performed for clarifying the images and 

investigating the dynamic characteristics of flame. 

 

2.2.1 Blowoff Method 

 

Lowering the equivalence ratio, lean blowoff was to occur. Therefore, 

value the equivalence ratio in flammable range to form a stable flame before 

the lean blowoff. To observe the lean blowoff, reduce the amount of fuel 

gradually. Due to the characteristics of experiment, equivalence ratio had a 

range value. Therefore, mean values of repeatedly measured equivalence 

ratios were recorded.  

For an acoustically-forced-blowoff, operate the compression driver unit 

after the stable flame is formed. Then, in the same way as before, reduce the 

amount of fuel gradually. Equivalence ratio causing the blowoff was 

measured with varying air mass flowrate ( �̇� air) and frequency. OH* 

chemiluminescence was performed to capture the blowoff images. 
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2.2.2 OH* Chemiluminescence 

 

In order to observe the structure and change of flame, image-based method 

was performed. A high-speed ICCD Camera (FASTCAM Ultima II, Photron 

Co.) was used with a 105 mm macro lens (Canon) in this study for recording 

OH* chemiluminescence images of high-frequency flame. It had a resolution 

of 1024 x 512 pixels and a frame rate set to 4000 fps. A 310 mm band-pass 

filter with 10 nm bandwidth located in front of the high speed ICCD camera.  

The chemiluminescence images of the flame were divided into three kind 

of state: stable, near blowoff, and blowoff. The stable flame image was used 

to analyze dynamic characteristics of the shear layer. Principal component 

analysis was applied by using continuous chemiluminescence images of 

stable flame. And average flame image was acquired by summation of the 

OH* chemiluminescence image intensity. 

All kind of the states were used to analyze the entire process of the blowoff. 

Especially shear layer of the bluff-body flow was mainly observed to 

analyze the near blowoff effect such as flash back, flame hole, local 

extinction and so on. 
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2.2.3 POD Algorithm 

 

POD (proper orthogonal decomposition) is a kind of principal component 

analysis in mechanical engineering. POD was used as means of 

characterizing the energy and nature of shedding modes as flames transition 

to acoustic instabilities and blowoff. 

POD algorithm analyzes all the images to determine the most dominant 

mode. Before applying the POD algorithm, OH* chemiluminescence images 

of the stable flame were recorded. For the stable flame, the equivalence ratio 

range of the stable flame was measured. After applying the POD algorithm 

using the OH* chemiluminescence images, dominant mode shapes of the 

flame were obtained in numerical order and time coefficient values were 

measured. Eventually, the frequency of the shear layer was obtained as a 

FFT result of the time coefficients. 
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2.3 Experimental Condition 

 

Combustion tests were performed with various inlet �̇�air conditions from 

10 g/s to 25 g/s in steps of 2.5 g/s. Equivalence ratio was calculated using 

�̇�air and amount of fuel. Equivalence ratio can be controlled in the range of 

0.4 to 1.0. Inlet air and fuel temperatures were 290 ± 1 K. Excitation 

intensity changed from 86.7 dB to 98.8 dB. To give the same value of the 

Excitation intensity, voltage adjustment was necessary. External acoustic 

excitation frequency changed from 150 Hz to 400 Hz in steps of 10 Hz. In 

the case of 96.1 dB, 15 g/s , exceptionally, the frequency changed from 150 

Hz to 1000 Hz in steps of 10 Hz. Table 2.1 shows the dimensions of the 

experimental condition and combustor design parameters. 

 

Table 2.1 Experimental conditions 

Contents Condition 

Fuel type Natural Gas 

Air Mass Flowrate 10 m/s ~ 25 m/s 

Mixture Temperature 290 ± 1 K 

Equivalence Ratio 0.40 ~ 1.00 

Bluff-Body Diameter 10 mm 

External Acoustic Frequency 150 Hz ~ 1000 Hz 

Excitation Intensity 86.7 dB ~ 98.8 dB 
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Chapter 3. RESULT & DISCUSSION 

 

3.1 Flammable Range 

 

Figure 3.1 shows flammable range of the equivalence ratio with the various 

�̇�air values in the test combustor without excitation. Reynolds number at the 

edge of bluff-body was calculated using mixture flow velocity and bluff-

body diameter and has the range of 6000 to 16000.  

Flame region was divided into three kinds of regions: blowoff region, 

stable region, unstable region. The blowoff occurred when the equivalence 

ratio was less than lower flammable limit or more than upper flammable 

limit. 

Flame stable region is between lower flammable limit line and transition 

line. Unstable region is between transition line and upper flammable limit 

line. In this case, mixture velocity fluctuation causing flashback 

phenomenon frequently occurred. Increasing the Reynolds number, the 

upper flammable limit equivalence ratio was increased but the lower 

flammable limit equivalence ratio had almost the same value. Therefore, 

flammable range of the equivalence ratio was decreased. 

In this study, equivalence ratio of the lean blowoff which occurs reducing 

equivalence ratio under the lower flammable limit was measured with 

varying acoustic excitation conditions. 



 

 

 

16 

 

Figure 3.1 Flame stability curve 
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3.2 Blowoff Equivalence Ratio  

 

Depending on the acoustic excitation, the Фbo have various values 

corresponding to the frequency. Therefore, measuring the Фbo with and 

without the acoustic excitation was conducted to examine the relationship 

between the frequency and the Фbo. Specifically, we controlled the �̇�air 

value and the excitation intensity to see the effect of each of the variables.  

 

3.2.1 Sound Pressure Effect 

 

Figure 3.2(a) shows the variation of Фbo when the intensity of the external 

excitation increased. At this time, �̇�air was fixed at 15 g/s and the frequency 

was changed from 150 Hz to 400 Hz in steps of 10 Hz. In the same �̇�air, the 

value of Фbo without excitation was calculated as 0.448 and it was shown in 

Figure 3.2(a) by a dotted line. Figure 3.2(b) shows the three dimensional 

shape of the Figure 3.2(a). 

The Фbo has the range of 0.452 to 0.568. At the same frequency, the Фbo 

increased proportional to the excitation intensity. This tendency can be 

shown in more detail through the slope of Figure 3.2(b).  
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(a) 

 

(b) 

Figure 3.2 Blowoff equivalence ratio with varying acoustic frequency and 

excitation intensity: (a) 2D shape (b) 2D shape 

  



 

 

 

19 

The impact of the excitation intensity on the value of Фbo was different with 

respect to the frequency. In the figures, it is possible to see that Фbo was 

similar to Фbo without excitation, regardless of the excitation intensity near 

220 Hz and 230 Hz. In the case of 86.7 dB, it can be also seen that Фbo 

substantially similar to Фbo without excitation. On the other hand, the value 

of Фbo was rapidly increased in response to the excitation intensity near 170 

Hz and 350 Hz. In this case, it was difficult to maintain the flame. Therefore, 

it was thought that the value of Фbo easily response to the external excitation 

because of the dynamic characteristics of the flame. 

 

 

3.2.2 Air Mass Flowrate Effect 

 

Figure 3.3 shows the variation of Фbo when the �̇�air through the air 

compressor increased. At this time, �̇�air was changed from 10 g/s to 25 g/s 

in steps of 2.5 g/s and the excitation intensity was fixed at 96.1 dB. The 

average value of the Фbo increased proportional to the �̇�air value. Especially, 

Фbo was rapidly increased in response to the excitation intensity near 170 Hz 

and 350 Hz. At low �̇�air, a curve form of Фbo at certain frequency stood out. 

At all �̇�air, this form was presented similar to the Figure 3.2(a).  

Generally, the main factor affects the variation of Фbo is a harmonic 

excitation effect. Flame Vortex generated in the shear layer responds strongly 

to an external excitation that makes the harmonic excitation. The type of 
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vortex shedding frequency is classified: the frequency of convective 

instabilities such as Kelvin-Helmholtz instability, the resonance frequency of 

the combustor geometry, and so on. However, with varying the �̇�air value, 

the frequencies having the peak value of Фbo were not changed in Figure 3.3. 

Therefore, the main factor affects the variation of Фbo was not the convective 

instabilities.   

To examine the relationship between the frequency and Фbo in more detail, 

frequency range increased to 1000 Hz. At this time, �̇�air was fixed at 15 g/s 

and the excitation intensity was fixed at 96.1 dB. The results are shown in 

Figure 3.4. This result shows that specific frequencies with a high Фbo exist 

in the range of 150 Hz to 1000 Hz. Increasing the frequency, the peak values 

of Фbo was to decrease. This phenomenon is due to the lower effect of 

acoustic excitation intensity at the high frequency. Therefore, it was 

supposed that the peak value of Фbo converge to near 0.448, which was the 

value of Фbo without excitation. It means that the blowoff at high frequency 

is similar to the blowoff without excitation. In addition, frequencies having 

the peak value of Фbo were appeared periodically. It will be discussed after 

analyzing flame images. 
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Figure 3.3 Фbo with varying acoustic frequency and �̇�air 

 

Figure 3.4 Фbo with varying acoustic frequency (150 Hz – 1000 Hz) 
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3.3 Image Analysis 

 

To see the blowoff process, OH* chemiluminescence was used. The 

chemiluminescence images were divided into four kinds of conditions: Near 

blowoff and blowoff without external acoustic excitation, and two kinds of 

blowoff with external acoustic excitation. The time at which the blowoff 

occurred was defined as t = 0 ms. The time before the blowoff was defined 

as a negative value, and the time after the blowoff was defined as a positive 

value. Each image was arranged at intervals of 4 ms. A bluff-body has been 

displayed in v-shape.    

 

3.3.1 Blowoff without External Excitation 

 

Figure 3.5 shows the OH* chemiluminescence images near the Фbo value. 

At this time, �̇�air was fixed at 15 g/s and the equivalence ratio was about 

0.45 to 0.46. 

At all times, the extent of the recirculation zone at the bluff-body 

downstream was almost the same. At t = -292 ms, the strength of the flame 

was significantly weakened and this phenomenon had appeared repeatedly 

until the blowoff occurred. As the unburned reactant introduced downstream 

of the bluff-body due to the vortex did not burn, the strength of the flame 

was decreased. At t = -272 ms, a flame hole which is a well-known 

phenomenon in near blowoff occurred when the flame was locally 
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extinguished [13].  

Figure 3.6 shows the OH* chemiluminescence images of the blowoff 

without excitation. At this time, �̇�air was fixed at 15 g/s and Фbo was 0.448. 

Just before the blowoff, the recirculation zone became smaller. The unburned 

reactant was entrained in the bluff-body downstream due to the vortex 

generated in the shear layer. This entrainment resulted in the production of a 

flame hole.  

At t = -28 ms, the recirculation zone collapsed, and the flame remained 

very small. However, the flame was not completely extinguished and 

became stable again. This phenomenon occurred repeatedly close to the 

blowoff. Eventually, the smaller flame did not recover and it was affected by 

the next vortex. The flame gradually being moved to the inside of the bluff-

body and eventually the blowoff occurred. 
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Figure 3.5 OH* chemiluminescence images near the blowoff without excitation 

 

 

Figure 3.6 OH* chemiluminescence images in the event of blowoff without 

excitation 
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3.3.2 Blowoff with External Excitation 

 

External excitation affects the extinction and changes the structure of the 

flame. Especially, the acoustic excitation is a dominant factor influencing the 

characteristics of combustion phenomena. Therefore, using compression 

driver unit, the effects of the external excitation on the flame blowoff were 

investigated. 

Figure 3.7 and Figure 3.8 shows the OH* chemiluminescence images of the 

blowoff with external excitation. At this time, �̇�air was fixed at 15 g/s and 

the excitation intensity was fixed at 96.1 dB. Each external excitation 

frequency of the two figures was selected in Figure 3.4 : 170 Hz and 230 Hz 

as having the lowest and the highest Фbo value.  

Figure 3.7 shows the OH* chemiluminescence images of the blowoff with 

excitation and fex was 170 Hz. In this case, Фbo was 0.568. Unlike the 

blowoff without excitation, the flame burning at high equivalence ratio led to 

strong-intensity images. At t = -16 ms, compared to the blowoff without 

excitation, a strong vortex generated behind the bluff-body so that the flame 

hole occurred in more detail. The generation cycle of the flame hole was the 

same as the applied external frequency. At t = -8 ms and t = -4 ms, the flame 

width was changed so that the flame fill up the combustor. Flashback 

occurred due to the strong fluctuation of the mixture gas generated by the 

external excitation. In addition, at t = 8 ms and t = 12 ms, flame pushed back 

to the combustor after the blowoff due to the fluctuation. This fluctuation 
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was generated respond strongly to an external excitation that makes the 

harmonic excitation [20]. It will be discussed after applying the POD 

algorithm. 

Figure 3.8 shows the OH* chemiluminescence images of the blowoff with 

excitation and fex was 230 Hz. In this case, Фbo was 0.453 which is 

approximately the same value of Фbo without excitation. As a result of 

analyzing the images, the flame structure of Figure 3.8 was similar to the 

Figure 3.6. Therefore, at fex = 230 Hz, the external excitation did not affect 

the occurrence of the blowoff. 

By analyzing the OH* chemiluminescence, the blowoff with excitation can 

be described as follows. Near the value of Фbo, the unburned reactant was 

entrained in the bluff-body downstream due to the vortex generated in the 

shear layer. The recirculation zone collapsed and it was affected by the next 

vortex. The flame did not recover and eventually the blowoff occurred. The 

blowoff differently occurred at each frequency and the resonance frequency 

of the combustor geometry seemed to be the main factor of harmonic 

excitation. In other words, the combustor geometry affected the frequency of 

the shear layer which is easily response to the external excitation. 
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Figure 3.7 OH* chemiluminescence images in the event of blowoff with excitation 

(f=170 Hz) 

 

 

Figure 3.8 OH* chemiluminescence images in the event of blowoff with excitation 

(f=230 Hz) 
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3.4 POD Analysis 

 

The flame shear layer is basically generated by a Kelvin-Helmholtz 

mechanism and is easily amplified. When combustion occurs, the strong 

vortex generated from shear layer plays a dominant role in the near field of 

the bluff-body. Therefore, POD was used taken at 4000 fps of stable flames 

without excitation.  

 

3.4.1 Vortex Shedding Frequency 

 

Figure 3.9 shows a time averaged flame image using the OH* 

chemiluminescence images of the stable flame. At this time, �̇�air was fixed 

at 15 g/s and equivalence ratio was fixed at 0.5. Figure 3.10 is the results of 

the POD mode (POM) analysis under the same conditions as Figure 3.9.  

POM numbers 0 to 999 were obtained as a result of analyzing a total of 

1000 images. POM 0 represents the most dominant image of the bluff-body 

flame. The following modes represent next dominant forms of the bluff-body 

flame in numerical order. More than 89% of the energy appeared in the POM 

numbers 0 to 5 so that it was analyzed intensively. 

Figure 3.11 shows the FFT results of the POM 0 to 5 values. At this time, 

air flowrate was 15 g/s and equivalence ratio was 0.5. The vortex frequency 

of the each mode was calculated using the time interval between the image 

sources and the time coefficient value obtained in each mode. The dominant
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Figure 3.9 Time averaged flame image using OH* chemiluminescence 

 

 

(b) 

Figure 3.10 Calculated modes using POD algorithm 
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mode numbers mainly effect on the each peak frequency were 

distinguishable through the mode spectrum. 

Figure 3.12 shows the added frequency data from POM numbers 0 to 999. 

At this time, �̇�air values were 15 g/s, 20 g/s, and 25 g/s and equivalence 

ratios were 0.5, 0.5, and 0.55. These graphs mean the frequency of the shear 

layer of the stable flame. Each of the first and the second dominant mode 

numbers were marked on the basis of Figure 3.11 results. The results show 

that the higher mode number influenced on the formation of a higher 

frequency. 

In addition, with varying �̇�air, the frequencies having the peak value of Фbo 

were not changed and appeared periodically. Therefore, these frequencies 

were generated regardless of the �̇�air value so that the resonance frequency 

of the combustor geometry seemed to be the main factor of generating these 

frequencies.  

A closed type combustor has approximate resonance frequencies (fn) 

specified in appendix part. fn is changed by speed of sound and length of 

combustor. Using equation, a minimum theoretical resonance frequency was 

52 Hz and the rest frequencies were values of an odd multiple of 52 Hz. 

Near these frequencies, the magnitudes of the figure rapidly increased. 

Therefore, the most dominant frequency of vortex in shear layer was the 

resonance frequency of the combustor geometry. 
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Figure 3.11 FFT spectrum according to various modes 

 

 

Figure 3.12 FFT spectrum according to various �̇�air 
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3.4.2 Comparative Analysis 

 

Figure 3.13 shows the results of Фbo and POD, which was used in order to 

compare the results. The upper line in Figure 3.13 shows the Фbo. At this 

time, �̇�air was fixed at 15 g/s and the excitation intensity was fixed at 96.1 

dB. The lower line in Figure 3.13 shows the added frequency data from POD 

numbers 0 to 999. At this time, �̇�air was 15 g/s and equivalence ratio was 

0.5.  

The Фbo and the magnitude increased at nearly same frequencies. In other 

words, the Фbo was increased in case of forcing the same external excitation 

frequency as the resonance frequency of the combustor geometry. When the 

external excitation was approximately consistent with the frequency of the 

shear layer, harmonic excitation occurred at the vortex in shear layer. The 

harmonic excitation generated in the shear layer increased the strength of the 

vortex and helped the unburned reactant entrainment. Therefore, with the 

specific external excitation frequency, the unburned reactant strongly 

penetrated and was entrained into reduced recirculation zone so that the 

recirculation zone collapsed. Eventually, the entrained unburned reactant 

failed to ignite and the blowoff occurred at the high equivalence ratio. 
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Figure 3.13 Comparison of Фbo and FFT result of POD analysis 
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3.5 Blowoff Mechanism 

 

Figure 3.14 shows the blowoff mechanism based on experimental results. A 

recirculation zone length is reduced by decreasing the equivalence ratio. 

Then the unburned reactant penetrate the reduced recirculation zone and is 

entrained into reduced recirculation zone so that the recirculation zone 

collapse. Before the blowoff occurs, collapsed recirculation zone recovers 

repeatedly such as the feedback mechanism. When the equivalence ratio 

reach Фbo, the burning velocity have a larger value than the entrainment 

velocity of the unburned reactant. Eventually, the shear layer fails to 

reconnect and blowoff occurs. 

A dotted part of the Figure 3.14 shows the blowoff mechanism with 

external acoustic excitation. When the external excitation is approximately 

consistent with the frequency of the shear layer, harmonic excitation occurs 

at the vortex in shear layer. The harmonic excitation generated in the shear 

layer increases the strength of the vortex and helped the unburned reactant 

entrainment. In addition, the strength of the vortex can be increased by 

increasing excitation intensity. Eventualy, the entrained unburned reactant 

failed to ignite and the blowoff occurred at the higher equivalence ratio. 
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Figure 3.14 Blowoff Mechanism with and without external acoustic excitation 
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Chapter 4. CONCLUSION 

 

In this study, the acoustically-forced-blowoff characteristics of a lean 

premixed flame in a ducted combustor were investigated. The Фbo was 

measured with varying �̇�air and excitation conditions. When the external 

excitation was approximately consistent with the frequency of the shear layer, 

the blowoff occurred at the high equivalence ratio. In addition, the Фbo 

increased proportional to the excitation intensity at the same frequency.  

The mean value of the Фbo increased proportional to the �̇�air at the same 

excitation intensity. On the other hand, even if �̇� air had changed, the 

frequencies having the peak value of Фbo were not changed. Therefore, these 

frequencies were generated regardless of the �̇�air so that the resonance 

frequency of the combustor geometry seemed to be the main factor of 

generating these frequencies. 

To see the blowoff process, OH* chemiluminescence was used with and 

without external excitation. By analyzing the OH* chemiluminescence, the 

blowoff with excitation can be described as follows. Near the value of Фbo, 

the unburned reactant was entrained in the bluff-body downstream due to the 

vortex generated in the shear layer. The recirculation zone collapsed and it 

was affected by the next vortex. The flame did not recover and eventually 

the blowoff occurred. The blowoff differently occurred at each frequency 

and the resonance frequency of the combustor geometry seemed to be the 
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main factor of harmonic excitation. 

To measure the frequency values of the shear generated vortex of the bluff-

body downstream, POD Algorithm was applied to the OH* 

chemiluminescence images of the stable flame. The Фbo was increased in 

case of forcing the same external excitation frequency as the resonance 

frequency of the combustor geometry. When the external excitation is 

approximately consistent with the frequency of the shear layer, harmonic 

excitation occurs at the vortex in shear layer. The harmonic excitation 

generated in the shear layer increases the strength of the vortex and helped 

the unburned reactant entrainment. Eventually, the entrained unburned 

reactant failed to ignite and the blowoff occurred at the higher equivalence 

ratio. We concluded that the resonance frequency of the combustor geometry 

is the major factor effects on the blowoff. 
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Appendix A. Voltage Adjustment 

 

Figure A.1 shows RMS value of sound pressure obtained using microphone. 

The sound pressure is directly proportional to the input voltage of 

compression driver. And sound pressure is also directly proportional to the 

frequency when particle displacement is maintained constant. Therefore, 

voltage at specific frequency can be described as 

 

𝑉𝑓𝑟𝑒𝑞 =
𝑃𝑟𝑒𝑓𝑓𝑓𝑟𝑒𝑞

𝑃𝑓𝑟𝑒𝑞𝑓𝑟𝑒𝑓
𝑉𝑟𝑒𝑓 (A.1) 

 

Where Pref is measured sound pressure at reference frequency, Pfreq is 

measured sound pressure at specific frequency using microphone, ffreq is 

specific frequency, fref is reference frequency, and Vref is voltage at reference 

frequency. 

Figure A.2 shows adjusted voltage using compression driver in the 

frequency range of 150 Hz to 400 Hz in steps of 10 Hz. This data was 

acquired by measuring the sound pressure with varying frequency and 

voltage. The reference voltage had the range of 2 V to 12 V in steps of 2 V. 

The measurement was performed at quasi-free-field condition. 
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Figure A.1 Measured sound pressure with varying acoustic frequency 

 

 

Figure A.2 Adjusted voltage with varying excitation frequency 
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Appendix B. Sound Pressure Level 

 

Sound pressure level (SPL) is a logarithmic measure of the effective sound 

pressure of a sound relative to a reference value. It is measured in decibels 

(dB) above a standard reference level. The SPL value obtained using a 

microphone is described as 

 

𝑆𝑃𝐿 = 10log (
𝑃𝑟𝑚𝑠

2

𝑃0
2 ) = 20log (

𝑃𝑟𝑚𝑠

𝑃0
) (B.1) 

 

Where Prms is root mean square value of 5000 sound pressures obtained one 

second, and 𝑃0 = 2.9 × 10−9𝑝𝑠𝑖.  

The excitation intensity indicates the value of the SPL obtained at a 

standard distance of 1 m. When SPL1 is measured at a distance r1, the SPL2 

at the distance r2 is described as  

 

𝑆𝑃𝐿2 = 𝑆𝑃𝐿1 + 20 log (
𝑟1

𝑟2
) (B.2) 

 

Where SPL1 is calculated value using eq. b.1, r1 is a distance measuring 

sound pressure, r2 is standard distance of 1 m. when measuring sound 

pressures, a distance r1 was 1.3 cm as considering a sensitivity of the 

microphone. Eventually, the excitation intensity which was used in this study 
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was calculated in the range of 86.7 dB to 98.8 dB. Results of the calculation 

are shown in Table B.1. 

 

Table B.1 Sound pressure and excitation intensity 

Vref (V) Prms (a.u.) SPL1 (dB) SPL2 (dB) 

2 0.0964 164.4 86.7 

4 0.1943 170.5 92.8 

6 0.2461 172.6 94.8 

8 0.2863 173.9 96.1 

10 0.3202 174.8 97.1 

12 0.3896 176.5 98.8 
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Appendix C. Acoustic Resonance 

 

Acoustic resonance is significantly affects flame instability. The resonance 

of a tube is related to the length of the tube, its shape, and whether it has 

closed or open ends. A closed type combustor has approximate resonance 

frequencies described as 

 

𝑓𝑛 =
(2𝑛−1)𝑐

4𝐿
  (𝑛 = 1, 2, 3,⋯ ) (C.1) 

 

Where, c is speed of sound, L is length of combustor. Here, the speed of 

sound, c can be expressed as  

 

𝑐 = 331.5 + 0.61𝑇 (C.2) 

 

Where, T is air temperature in Celsius degree. Before the combustion 

section, 𝑇 = 17℃ and inside the combustion section, 𝑇 = 800℃. These 

values were used to calculate speed of sound in total chamber (ctot). The 

mean value of c in total chamber is described as 

 

𝑐𝑡𝑜𝑡 =
𝐿𝑡𝑜𝑡

𝐿𝑐ℎ𝑎𝑚
𝑐𝑐ℎ𝑎𝑚

+
𝐿𝑐𝑜𝑚𝑏
𝑐𝑐𝑜𝑚𝑏

 (C.3) 
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Using eq. C.1, C.2, C.3, a minimum theoretical resonance frequency (fn) 

was 52 Hz and the rest frequencies were values of an odd multiple of 52 Hz. 

This calculated value was the most dominant frequency of vortex in the 

shear layer.  
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초    록 

 

보염기가 장착된 연소기에서 화염 날림 현상은 가스터빈, 로켓, 

램제트 등 많은 연구 분야에서 주제로 다루어졌다. 일반적으로 

화염 날림은 연소의 화학 반응 시간이 반응물의 유입 시간을 

초과하는 경우 발생한다. 화염 날림이 발생하는 과정에서, 외부 

음향 가진은 화염 날림의 조건과 화염의 구조적 형상에 크게 

영향을 미친다. 하지만 예혼합 연소기 내에서 화염 날림 현상에 

대한 연구는 현재까지 진행된 것이 거의 없다.  

본 연구에서는 보염기가 장착된 덕트형 연소기에 음향 가진을 

주었을 때 화염의 날림 현상을 이해하기 위한 실험을 수행하였다. 

연료는 메탄이 주 성분인 도시가스를 사용했으며 당량비를 

낮춤으로서 희박 화염 날림이 발생하도록 하였다. 화염 날림 

조건을 분석하기 위하여 공기 공급 유량, 가진 주파수 및 음압에 

변화를 주며 실험을 하여 화염 날림이 발생하는 당량비를 

측정하였다. 그 결과 특정 주파수에서 화염 날림 당량비가 

급격하게 증가하는 것을 확인하였다. 이는 화염 전단층의 주파수와 

관련 있다고 판단하였고, 따라서 화염 주파수 측정을 위한 이미지 

촬영을 하였다. 화염 구조를 관측하기 위한 촬영기법으로는 OH* 

자발광이 적용되었다. 화염 전단층의 주파수와 화염 형상을 

지배하는 모드를 얻어내기 위하여 자발광 이미지에 POD (Proper 

Orthogonal Decomposition) 알고리즘을 적용하여 해석하였다. 실험 
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조건에 따라 화염 날림 당량비 값이 크게 달랐으며 이러한 당량비 

값에 변화를 주는 주된 요인은 보염기 후류의 와류 주파수와 

연소기 공진 효과의 영향으로 판단된다. 최종 결과로, 측정된 

당량비 값과 이미지 분석을 통해 가진시와 비가진시 화염 날림 

메커니즘에 대하여 정리하였다. 

 

 

주요어: 예혼합 화염, 보염기, 화염 날림, 외부 가진, OH* 자발광 

학  번: 2012-20678 
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