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Abstract

In this study, the reflection coefficient (RC) and the flame transfer function (FTF) were measured by applying acoustic 

excitation to a duct-type model combustor and were used to predict the frequency of the combustion instability (CI). The 

RC is a value that varies with the excitation frequency and the geometry of the combustor as well as other factors. Therefore, 

in this study, an experimentally measured RC was used to improve the accuracy of prediction in the cases of 25% and 75% 

hydrogen in a mixture of hydrogen and methane as a fuel. When the measured RCs were used, an unstable condition was 

correctly predicted, which had not been predicted when the RCs had been assumed to be a certain value. The reason why the 

CI occurred at a specific frequency was also examined by comparing the peak of the FTF with the resonance frequency, which 

was calculated using Helmholtz’s resonator analysis and a resonance frequency equation. As the CI occurred owing to the 

interaction between the perturbation in the rate of heat release and that in the pressure, the CI was frequent when the peak of 

the FTF was close to the resonance frequency such that constructive interference could occur.
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1. Introduction

Owing to the strengthening of emissions regulations 

worldwide and growing interest in environmentally friendly 

space-launch vehicles, the use of rocket engines that use 

hydrogen or methane as fuel is becoming more common. 

When a flow perturbation occurs in a feed system prior to 

the injector, it propagates into the combustor and leads to 

fluctuations in the pressure and the rate of heat release. 

Combustion instability (CI) is the result of constructive 

interference between these fluctuations that significantly 

increases the pressure inside the combustor. If the CI is 

severe, the launch vehicle can crash, or its gas turbine can 

fail. According to a report on the causes of failure in space 

vehicle launches around the world by the Korea Aerospace 

Research Institute [1], problems related to propulsion were 

the most common reason. A typical reason for a propulsion 

problem is a CI. Therefore, to ensure a successful launch, 

the frequency of a CI needs to be predicted so that it can be 

avoided in the development process.

Crocco [2] defined the n-tau model to predict a CI, 

where a stability curve is drawn to determine whether a CI 

occurs. Studies have been conducted to predict a CI in gas 

turbines as well as rockets. Ducruix et al. [3] compared the 

experimental and theoretical transfer functions of a laminar 

premixed flame and investigated its dynamical behavior. 

Kim [4] developed a thermoacoustic analysis model to 

predict both the eigenfrequencies and initial growth rates of 

CIs for lean, premixed gas turbine combustors by assuming 

that both the inlet and outlet reflection coefficients (RCs) 

were unity. Kim et al. [5] predicted a CI by assuming that 

the outlet RC was unity and that the inlet RC was 0.2292 – 

j0.1894 from self-induced flame response measurements 

using the wave decomposition method. However, Poinsot 

et al. [6] experimentally measured the RC in the premixed 

combustion process in a duct-type combustor and found that 

it changed as the frequency and equivalence ratio varied. 

In past studies, errors occurred in the analyses because 

the RC had been assumed to be constant or calculated by 

CFD. Recently, several studies have attempted to predict a CI 

using experimentally measured RCs. Therefore, in this study, 

to accurately predict a CI in a gas–gas combustion process, 

an experimental RC was used.

In this paper, the experimental devices and methods 

for experimentally obtaining the parameters necessary for 

predicting the CI frequency, such as the RC and flame transfer 

function (FTF), are introduced. Prior to the measurement of 

the RC in the combustion process, the method of analysis 

was verified by measuring the RC using an impedance tube 

whose theoretical RC is known. The CI frequency was then 

predicted using these parameters and compared with the 

instability frequency measured in combustion experiments. 

The accuracies of the prediction when the RC was assumed 

and when the experimentally measured RC was used were 

compared. The characteristics of the CI were also investigated 

in the analysis process by varying the fuel composition and 

combustor length.

2. Experimental Apparatus and Method

2.1 Experimental Apparatus

The combustor used in this study was a dump-type partially 

premixed combustor, as shown in Fig. 1. The fuel and oxidizer 

were mixed in a swirl injector for 3 mm and then injected 

into the combustion chamber to form a conical flame. The 

combustor consisted of an injector, a visualization window-

mounted combustor, a sensor-mounted combustor, and a plug 

nozzle. The plug nozzle was movable in the axial direction so 

that the length of the combustor could be changed. Pressures 

were measured using PCB102A05 piezoelectric transducers, 

4 

also investigated in the analysis process by varying the fuel composition and combustor length. 
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2.2 Calculation of the CI Frequency 

Considering a combustor with the area change in Fig. 2, the RC can be determined by the ratio of 
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and the temperatures at the inlet and inside the combustion 

chamber were measured using thermocouples.

2.2 Calculation of the CI Frequency

Considering a combustor with the area change in Fig. 2, 

the RC can be determined by the ratio of the amplitude of the 

incident acoustic wave to that of the reflected acoustic wave. 

The error in the end boundary condition can be calculated 

by using the RC as follows [7]:

5 

boundary condition can be calculated by using the RC as follows [7]: 

����� � ������� � ���������������� �������� ������������������̃����������� ��            (1) 

� � ����� � ������ � �� � �2��                     (2) 

where �� is the calculation error at the outlet boundary, and ��� is the amplitude of the entropy 

wave at x = xN. Moreover, �� is a dissipative factor to account for the fact that the integrated strength 

of an entropy wave is reduced. In addition, � is the growth rate, � is the frequency, �̃ is the Fourier 

transform of the FTF, ��� � �� � ����� ���̅ � ����⁄ , and ��� � �� � ����� ���⁄ .  

 

 

Fig. 2. The area change combustor; x denotes a position in the longitudinal direction, and A denotes an 
acoustic wave 

 

The growth rate is the degree of amplification of the initial perturbation over time. Therefore, if the 

growth rate is negative, it implies a stable condition. However, the growth rate is positive, it means 

that the probability of instability is high. The detailed derivation process has been reported by Li et al. 

[7]. By varying s, which is a function of the growth rate and frequency, ����� can be calculated by 

Eq. (1). Eigenvalues can be obtained by computing the values of s that minimize 20 log��|�����|. 
The CI frequency can be determined by using the eigenvalues. In order to solve Eq. (1), the 

combustor’s geometry, thermal conditions, the FTF, and RCs are required. 

 

2.3 Test Conditions 

Studies are currently underway on using a mixture of hydrogen and methane to develop fuel with a 

high energy density [8]. Therefore, in this study, a mixture of hydrogen and methane was used as fuel. 
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The growth rate is the degree of amplification of the 

initial perturbation over time. Therefore, if the growth rate is 

negative, it implies a stable condition. However, the growth 

rate is positive, it means that the probability of instability is 

high. The detailed derivation process has been reported by Li 

et al. [7]. By varying s, which is a function of the growth rate 

and frequency, δe(s) can be calculated by Eq. (1). Eigenvalues 

can be obtained by computing the values of s that minimize 

20 log10|δe(s)|. The CI frequency can be determined by using 

the eigenvalues. In order to solve Eq. (1), the combustor’s 

geometry, thermal conditions, the FTF, and RCs are required.

2.3 Test Conditions

Studies are currently underway on using a mixture of 

hydrogen and methane to develop fuel with a high energy 

density [8]. Therefore, in this study, a mixture of hydrogen and 

methane was used as fuel. The combustion characteristics 

of various fuel compositions were also investigated by 

controlling the ratio of hydrogen to methane. The combustor 

length was changed in 15-mm intervals from 1160 mm to 

1400 mm by moving the plug nozzle. Air flowed into the 

heater at a constant flow rate using a mass flow controller and 

was injected into the combustion chamber at a temperature 

of about 200 °C. A mixture of hydrogen and methane was 

used as the fuel and its composition was 1:3 or 3:1 by volume. 

Further, the rate of heat release was kept constant at 40 kW. 

The temperatures of the combustor upstream and inside the 

combustion chamber were measured using thermocouples. 

Test conditions are listed in Table 1.

2.4 Flame Transfer Function

In order to solve Eq. (1), an FTF should be used to 

describe the characteristics of the flame. It describes how 

the fluctuations in the rate of heat release depend on the 

flow fluctuations induced by the acoustics just ahead of the 

flame [7]. The FTF is expressed as follows, which indicates 

the dynamic characteristics of the flame:
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intervals. The gain in the FTF had two or three peaks, and the phase exhibited a decreasing trend with 

increasing frequency. The measured FTF was changed to a frequency-response data model by using 

MATLAB. In addition, the FTF was fitted to the state-space model. The fitted FTF results are shown 

in Fig. 3. 

 

Fig. 3. FTFs for (a) Case 1 (25% H2 and 75% CH4 fuel composition) and (b) Case 2 (75% H2 and 25% 
CH4 fuel composition); the black lines indicate the fittings of the FTFs 

 

2.5 Measurement of the RC 

In this study, the RCs upstream and downstream of the combustion chamber were measured by the 

two-microphone method (TMM). The method for measuring the RC through the TMM is defined in 

ISO 10534-2 [9] as follows. 

  

Fig. 4. Impedance tube for the TMM: (a) ISO standard of the impedance tube and (b) impedance tube 
for this study 

 

As shown in Fig. 4(a), pressures  and , measured using pressure sensors 1 and 2, respectively, 

when a plane wave perturbation was given through the speaker in the impedance tube are as follows 

Fig. 3.  FTFs for (a) Case 1 (25% H2 and 75% CH4 fuel composition) and 
(b) Case 2 (75% H2 and 25% CH4 fuel composition); the black 
lines indicate the fittings of the FTFs

(797~806)2017-133.indd   799 2018-01-06   오후 7:15:01



DOI: http://dx.doi.org/10.5139/IJASS.2017.18.4.797 800

Int’l J. of Aeronautical & Space Sci. 18(4), 797–806 (2017)

to measure the velocity perturbation to determine the FTF 

with different fuel compositions. The FTF was measured 

without the sensor-mounted combustor and the plug nozzle 

so that the acoustic characteristics of the combustor would 

not appear. The FTF was measured by applying an acoustic 

excitation at 50-Hz intervals. The gain in the FTF had two 

or three peaks, and the phase exhibited a decreasing trend 

with increasing frequency. The measured FTF was changed 

to a frequency-response data model by using MATLAB. In 

addition, the FTF was fitted to the state-space model. The 

fitted FTF results are shown in Fig. 3.
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If the reference plane is a closed boundary, the RC is 1 
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with a magnitude of 1 and a phase of π. However, since the 
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In order to use the RC as a parameter for predicting the 

frequency of a CI, the RC measured by the TMM method 

should be transformed into a transfer function in the 

frequency domain as
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where P and Q are polynomials corresponding to the numerator and denominator of the RC, 

respectively. Since the RC is a complex number with a magnitude and phase at a specific frequency, it 

has been difficult to transform it into a transfer function. In this study, a method for transforming the 

measured RC into a transfer function is devised as follows: 
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By using a Taylor series to approximate �������, as in Eq. (17), ������� can be described as the 

transfer function. Finally, it can be transformed into a transfer function form by multiplying by the 

magnitude and �������. 
Prior to measuring the RC in the combustion process, the theoretical RC was first measured to 

verify the measurement technique used in this study. For this purpose, an impedance tube was 

fabricated according to the requirements defined in the ISO standard, as shown in Fig. 4(b). A speaker 

was installed at the front of the impedance tube to generate an excitation, and the rear end was closed 

with an aluminum plate to create a closed-boundary condition or removed to create an open-boundary 

condition. 

 
3. Results and Discussion 

3.1 Flame Position According to the Fuel Composition 

In this study, the flame center should be determined in order to divide the combustor into the hot 

and cold zones. The chemiluminescence of the excited radicals in a flame is a consequence of 

chemical reactions [11]. Kojima et al. [12] used the emission intensity from OH and CH radicals to 
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intervals. The gain in the FTF had two or three peaks, and the phase exhibited a decreasing trend with 

increasing frequency. The measured FTF was changed to a frequency-response data model by using 

MATLAB. In addition, the FTF was fitted to the state-space model. The fitted FTF results are shown 

in Fig. 3. 

 

Fig. 3. FTFs for (a) Case 1 (25% H2 and 75% CH4 fuel composition) and (b) Case 2 (75% H2 and 25% 
CH4 fuel composition); the black lines indicate the fittings of the FTFs 

 

2.5 Measurement of the RC 

In this study, the RCs upstream and downstream of the combustion chamber were measured by the 

two-microphone method (TMM). The method for measuring the RC through the TMM is defined in 

ISO 10534-2 [9] as follows. 

  

Fig. 4. Impedance tube for the TMM: (a) ISO standard of the impedance tube and (b) impedance tube 
for this study 

 

As shown in Fig. 4(a), pressures  and , measured using pressure sensors 1 and 2, respectively, 

when a plane wave perturbation was given through the speaker in the impedance tube are as follows 

Fig. 4. Impedance tube for the TMM: (a) ISO standard of the impedance tube and (b) impedance tube for this study
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where P and Q are polynomials corresponding to the numerator and denominator of the RC, 

respectively. Since the RC is a complex number with a magnitude and phase at a specific frequency, it 

has been difficult to transform it into a transfer function. In this study, a method for transforming the 

measured RC into a transfer function is devised as follows: 
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By using a Taylor series to approximate �������, as in Eq. (17), ������� can be described as the 

transfer function. Finally, it can be transformed into a transfer function form by multiplying by the 

magnitude and �������. 
Prior to measuring the RC in the combustion process, the theoretical RC was first measured to 

verify the measurement technique used in this study. For this purpose, an impedance tube was 

fabricated according to the requirements defined in the ISO standard, as shown in Fig. 4(b). A speaker 

was installed at the front of the impedance tube to generate an excitation, and the rear end was closed 

with an aluminum plate to create a closed-boundary condition or removed to create an open-boundary 

condition. 
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In this study, the flame center should be determined in order to divide the combustor into the hot 

and cold zones. The chemiluminescence of the excited radicals in a flame is a consequence of 
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3. Results and Discussion

3.1 Flame Position According to the Fuel Composi-
tion

In this study, the flame center should be determined in 

order to divide the combustor into the hot and cold zones. 

The chemiluminescence of the excited radicals in a flame is 

a consequence of chemical reactions [11]. Kojima et al. [12] 

used the emission intensity from OH and CH radicals to find 

the region of primary combustion. For this purpose, it was 

assumed that the magnitude of the reaction was proportional 

to the intensity of OH radicals since the reactant energy was 

emitted when it changed into a product as it passed through 

the flame. Therefore, the position of the thin flame is defined 

as the center of luminance (CL) of the flame. The CL can be 

computed using the calculated luminance Y as
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passing it through a dye laser (Continuum, ND-6000). The wavelength of the laser was then reduced 

to 282.93 nm by doubling its frequency using a frequency doubler. The signal for the OH radicals 

generated by irradiating the flame with the laser was photographed using a 512 × 512 intensified 

charge-coupled device (ICCD) camera for phase-resolved OH-PLIF with a delay generator (DG535), 

a signal filter, and an oscilloscope. As a result, with a fuel composition of 75% hydrogen and 25% 

methane, an image of the flame acquired through OH-PLIF and the center of the flame obtained by 

using the intensity of OH radicals are shown in Fig. 5. 

 

Fig. 5. (a) Flame image obtained by OH-PLIF and (b) the intensity of OH radicals for Case 2 (75% H2 
and 25% CH4 fuel composition) 
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position of the flame was measured using the average flame 

image while varying the fuel composition. As a result, the CL 

of the flame moved to the front of the combustion chamber 

along the x axis as the proportion of hydrogen increased, as 

shown in Fig. 6. Since the laminar flame speed of hydrogen at 

an equivalence ratio of 1 is 210 cm s-1 and that of methane is 

40 cm s-1, if the fraction of hydrogen was increased, the speed 
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to experimentally determine the position of the flame and use it in the analysis for accurate prediction. 

The position of the flame was measured using the average flame image while varying the fuel 

composition. As a result, the CL of the flame moved to the front of the combustion chamber along the 

x axis as the proportion of hydrogen increased, as shown in Fig. 6. Since the laminar flame speed of 

hydrogen at an equivalence ratio of 1 is 210 cm s-1 and that of methane is 40 cm s-1, if the fraction of 

hydrogen was increased, the speed of the flame increased as well. As the speed of the flame increased, 

its length decreased because the reactant burned faster. This caused the center of the flame to move to 

the front of the combustion chamber. 

 

Fig. 6. Flame location at various fuel compositions 
 

The unstable frequency was predicted when the flame position was assumed to be zero, which 

means that the flame was formed immediately after the injector, and when the center of the flame was 

calculated from the flame image. The results are listed in Table 2. If the growth rate is positive, it 

means an unstable condition, and if it is negative, it means a stable condition. 

 

Table 2. Prediction of the frequency of an instability according to the position of the flame 
When the flame was at 0 When calculating the position of the flame 

Frequency at 
eigenvalues [Hz] 

Growth rate 
[rad s-1] 

Frequency at 
eigenvalues [Hz] 

Growth rate 
[rad s-1] 

44.9865 -135.3503 45.0004 -134.9564 
46.1763 172.3715 46.1847 173.6644 
608.8479 177.1563 608.2084 204.4401 
939.9514 43.3391 913.3816 -8.1303 
1005.2 48.4228 997.865 250.1339 

 

Fig. 6. Flame location at various fuel compositions
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of the flame increased as well. As the speed of the flame 

increased, its length decreased because the reactant burned 

faster. This caused the center of the flame to move to the front 

of the combustion chamber.

The unstable frequency was predicted when the flame 

position was assumed to be zero, which means that the 

flame was formed immediately after the injector, and when 

the center of the flame was calculated from the flame image. 

The results are listed in Table 2. If the growth rate is positive, 

it means an unstable condition, and if it is negative, it means 

a stable condition.

As is evident from the results of the analysis, the 

prediction in the high-frequency region significantly 

differed as the position of the flame was changed. Since 

the CI phenomena generated in the experiment in this 

study often occurred in the high-frequency region, it was 

important to calculate the position of the flame using an 

image for accurate prediction.

3.2 Verification of the Measurement of the RC

In order to verify the measurement method, the RCs 

of impedance tube were measured. The closed boundary 

is theoretically a fixed-end reflection. The experimental 

results for the closed boundary are shown in Fig. 7. Since 

there was no phase change and all acoustic waves were 

reflected, the RC was 1 with a magnitude of 1, and the phase 

was 0.

In the case of the open boundary, the RC can be 

theoretically expressed by Eqs. (10)–(12). The results of the 

measurement of the RC at the open boundary are shown in 

Fig. 8.

According to the experimental results shown in Figs. 7 

and 8, the values of the RCs measured in the experiment 

had substantially similar trends to the theoretical value. 

Therefore, the technique used to measure the RC used in this 

study was sound.

Table 2. Prediction of the frequency of an instability according to the position of the flame
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As is evident from the results of the analysis, the prediction in the high-frequency region 

significantly differed as the position of the flame was changed. Since the CI phenomena generated in 

the experiment in this study often occurred in the high-frequency region, it was important to calculate 

the position of the flame using an image for accurate prediction. 

 

3.2 Verification of the Measurement of the RC 

In order to verify the measurement method, the RCs of impedance tube were measured. The closed 

boundary is theoretically a fixed-end reflection. The experimental results for the closed boundary are 

shown in Fig. 7. Since there was no phase change and all acoustic waves were reflected, the RC was 1 

with a magnitude of 1, and the phase was 0. 

 

Fig. 7. RC measured under closed-boundary conditions 
  

In the case of the open boundary, the RC can be theoretically expressed by Eqs. (10)–(12). The 

results of the measurement of the RC at the open boundary are shown in Fig. 8. 

 
Fig. 8. RC measured under open-boundary conditions 
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Fig. 7. RC measured under closed-boundary conditions
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3.3 Measurement of the RC in a Combustion Process

The RCs were measured during the combustion test, 

as shown in Fig. 9. The magnitude of the RC was almost 

1, but the phase was a parameter that changed with fuel 

composition and frequency. Therefore, assigning the RC a 

specific value could generate a large error.

3.4 Prediction of the CI Frequency 

Before the frequency of an instability was predicted, the 

frequencies at which an instability occurred in the combustion 

experiment were measured. The pressure data measured 

during the combustion test were analyzed by a fast Fourier 

transform (FFT) to determine the frequency components 

that had the most dominant influence. Figure 10 shows the 

results of the FFT of the measured pressure perturbation 

inside the combustor for a combustor of length of 1370 mm 

for Case 1 (Fig. 10(a)) and Case 2 (Fig. 10(b)). As shown in Fig. 

10(a), in Case 1, the dominant peaks occurred at 508 Hz and 

1016 Hz. However, in Case 2 in Fig. 10(b), the dominant peak 

13 

experiment had substantially similar trends to the theoretical value. Therefore, the technique used to 

measure the RC used in this study was sound. 
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Therefore, assigning the RC a specific value could generate a large error. 

 

Fig. 9. RCs for (a) Case 1 (25% H2 and 75% CH4 fuel composition), (b) Case 2 (75% H2 and 25% 
CH4 fuel composition). The black dotted lines are the experimental RC data, and the blue and red 

lines are the fittings of the input and output RCs, respectively, as the transfer function  
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occurred in the combustion experiment were measured. The pressure data measured during the 

combustion test were analyzed by a fast Fourier transform (FFT) to determine the frequency 

components that had the most dominant influence. Figure 10 shows the results of the FFT of the 

measured pressure perturbation inside the combustor for a combustor of length of 1370 mm for Case 

1 (Fig. 10(a)) and Case 2 (Fig. 10(b)). As shown in Fig. 10(a), in Case 1, the dominant peaks occurred 

at 508 Hz and 1016 Hz. However, in Case 2 in Fig. 10(b), the dominant peak occurred at 1246 Hz. 

The frequencies at which an instability occurred differed depending on the fuel composition. This 

difference is considered to be due to the differences in the physical properties, the temperature, the 

speed of the flame, and the total flow rate inside the combustor. 

 

 

Fig. 10. Pressure perturbation in the experiment when using a fuel with a mixture of (a) Case 1 (25% 
hydrogen and 75% methane) and (b) Case 2 (75% hydrogen and 25% methane) in a 1370-mm-long 

combustor 
 

In order to analyze the mode of the unstable frequency, the change in the dominant peak according 

to the length of the combustor was measured shown, as shown in Fig. 11. The frequencies 

corresponding to the longitudinal mode of the combustor are calculated as 

,                                                                       (19) 

where c is the sound speed, n is the mode, and L is the length of the combustor. 

Figure 11 shows that second and third mode instabilities occurred in Case 1, but in Case 2, fourth 

and fifth mode instabilities mainly occurred. In Case 2, an instability occurs at frequencies above 

Fig. 10.  Pressure perturbation in the experiment when using a fuel with a mixture of (a) Case 1 (25% hydrogen and 75% methane) and (b) Case 2 
(75% hydrogen and 25% methane) in a 1370-mm-long combustor
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occurred at 1246 Hz. The frequencies at which an instability 

occurred differed depending on the fuel composition. This 

difference is considered to be due to the differences in the 

physical properties, the temperature, the speed of the flame, 

and the total flow rate inside the combustor.

In order to analyze the mode of the unstable frequency, 

the change in the dominant peak according to the length of 

the combustor was measured shown, as shown in Fig. 11. 

The frequencies corresponding to the longitudinal mode of 

the combustor are calculated as
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where c is the sound speed, n is the mode, and L is the length 

of the combustor.

Figure 11 shows that second and third mode instabilities 

occurred in Case 1, but in Case 2, fourth and fifth mode 

instabilities mainly occurred. In Case 2, an instability occurs 

at frequencies above 1100 Hz, which is the upper limit of 

the FTF, as shown in Fig. 11(b). Therefore, the CI frequency 

is predicted for Case 1 by the CI prediction technique using 

the RC, as shown in Fig. 11(a). As a result, the use of the 

RC led to better prediction of the unstable frequency in 

the experiment. The prediction error of the most dominant 

unstable frequency was 30.9% when the RC was assumed to 

be a specific value in Case 1. However, the error was reduced 

to 20% as a result of using the RC in the experiment. In other 

words, the accuracy of the prediction improved with the use 

of the experimentally measured RC by approximately 54.5%.

Furthermore, the mode shift phenomenon, discovered by 

Yoon et al. [13], was predicted when the measured RC was 

used, but it was not predicted when the RC was assumed. 

Moreover, at certain lengths, the magnitude of the dominant 

peak decreased, and other peaks appeared. Fig. 12 shows the 

FFT results of the pressure perturbation inside the combustion 

chamber up to 1100 Hz, which is the upper limit of the FTF.

In both Case 1 and Case 2, an instability of about 45 Hz 

occurred, which was not the longitudinal mode of the 

combustion chamber. Therefore, it was assumed to be an 

instability due to a sudden change in the cross-sectional area 

to analyze the cause of this instability. Therefore, the resonant 

frequency was calculated by modeling the combustor with a 

Helmholtz resonator using the following equation:
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Fig. 12. FFT results of pressure perturbations up to 1100 Hz for (a) Case 1 (25% hydrogen and 75% 
methane) and (b) Case 2 (75% hydrogen and 25% methane) in a 1220-mm-long combustor 
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where the  is the speed of sound (717.2 m/s),  is the cross-sectional area of the neck (0000707 

m2),  is the static volume of the cavity (0.015795 m3),  is the equivalent length of the neck 

with end correction (0.24 m),  is the static pressure in the cavity,  is the adiabatic index or the 

ratio of specific heats, and  is the mass density. In solving Eq. (20), the temperature was averaged 

across the upstream and downstream parts of the combustion chamber. As a result, the resonance 

frequency of the Helmholtz resonator was calculated to be approximately 49.3 Hz. 
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1100 Hz, which is the upper limit of the FTF. Therefore, the CI frequency is predicted for Case 1 by 

the CI prediction technique using the RC, as shown in Fig. 11(a). As a result, the use of the RC led to 

better prediction of the unstable frequency in the experiment. The prediction error of the most 

dominant unstable frequency was 30.9% when the RC was assumed to be a specific value in Case 1. 

However, the error was reduced to 20% as a result of using the RC in the experiment. In other words, 

the accuracy of the prediction improved with the use of the experimentally measured RC by 

approximately 54.5%. 

 

 

Fig. 11. Unstable frequency and mode shifting for various combustor lengths for (a) Case 1 (25% 
hydrogen and 75% methane) and (b) Case 2 (75% hydrogen and 25% methane) 

 

Furthermore, the mode shift phenomenon, discovered by Yoon et al. [13], was predicted when the 

measured RC was used, but it was not predicted when the RC was assumed. Moreover, at certain 

lengths, the magnitude of the dominant peak decreased, and other peaks appeared. Figure 12 shows 

the FFT results of the pressure perturbation inside the combustion chamber up to 1100 Hz, which is 

the upper limit of the FTF. 

 

Fig. 11.  Unstable frequency and mode shifting for various combustor lengths for (a) Case 1 (25% hydrogen and 75% methane) and (b) Case 2 (75% 
hydrogen and 25% methane)
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length of the neck with end correction (0.24 m), P0 is the 

static pressure in the cavity, γ is the adiabatic index or the 

ratio of specific heats, and ρ is the mass density. In solving 

Eq. (20), the temperature was averaged across the upstream 

and downstream parts of the combustion chamber. As a 

result, the resonance frequency of the Helmholtz resonator 

was calculated to be approximately 49.3 Hz.

As shown in Fig. 3, the FTF values of Case 1 and Case 2 

at about 50 Hz are 1.63 and 2.26, respectively, which are 

high. The CI was the interference between the fluctuation 

in the pressure and the rate of heat release. The acoustic 

resonance indicated the former, and the FTF indicated the 

latter. Therefore, in both cases, the acoustic perturbation 

inside the combustor and the perturbation of the flame 

caused constructive interference, resulting in the pressure 

perturbation of the corresponding frequency. The frequency 

of the instability due to the Helmholtz resonator as the length 

of the combustor changed is predicted as shown in Fig. 13.

As shown in Fig. 13, using the experimentally measured 

RC, a more accurate prediction was possible. The prediction 

error decreased from 11.3% to 3.8%; hence, the accuracy of 

prediction increased by 66.4%.

Furthermore, the unstable frequencies in Case 1 were 

observed at approximately 42, 394, 559, and 878 Hz, as shown 

in Fig. 14(a). However, when assuming that the acoustical 

boundaries of the entrance and exit are open and closed, 

respectively, the growth rate was negative at 878 Hz, as shown 

in Fig. 14(a). This implied a stable condition, which indicated 

that a false prediction had been made. On the contrary, if the 

experimentally measured RC was used for the prediction, 

a positive growth rate was calculated in the corresponding 

region, as shown in Fig. 14(b). In addition, other unstable 

frequencies were also predicted more accurately when the 

experimentally measured RCs were used. Therefore, a more 

accurate prediction can be made by using an accurate RC for 

the prediction of the CI frequency.

4. Conclusion

The work in this study improved the accuracy of prediction 

by using an experimentally measured reflection coefficient 

(RC) for the prediction of the combustion instability (CI) 

frequency. Since the RC depends on the thermodynamic state 

and frequency of the combustion chamber, an experimentally 

measured RC should be used for precise instability prediction.

In this study, it was necessary to define the position 

of the flame because it was assumed to be a thin flame in 

the unstable frequency prediction technique. Therefore, 

the luminance center of the flame was assumed to be the 

center of the flame since the reactant releases energy. The 

luminance center of the flame was calculated using a flame 

image taken by OH-PLIF. The unstable prediction results 

were different when the flame position was set to 0 and 

when the calculated result was used. Hence, the center of the 

flame moved to the front of the combustion chamber as the 
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Fig. 13. Prediction of the Helmholtz resonator frequency for Case 2 (75% H2 and 25% CH4 fuel 
composition) 

 

As shown in Fig. 3, the FTF values of Case 1 and Case 2 at about 50 Hz are 1.63 and 2.26, 

respectively, which are high. The CI was the interference between the fluctuation in the pressure and 

the rate of heat release. The acoustic resonance indicated the former, and the FTF indicated the latter. 

Therefore, in both cases, the acoustic perturbation inside the combustor and the perturbation of the 

flame caused constructive interference, resulting in the pressure perturbation of the corresponding 

frequency. The frequency of the instability due to the Helmholtz resonator as the length of the 

combustor changed is predicted as shown in Fig. 13. 

As shown in Fig. 13, using the experimentally measured RC, a more accurate prediction was 

possible. The prediction error decreased from 11.3% to 3.8%; hence, the accuracy of prediction 

increased by 66.4%. 

Furthermore, the unstable frequencies in Case 1 were observed at approximately 42, 394, 559, and 

878 Hz, as shown in Fig. 14(a). However, when assuming that the acoustical boundaries of the 

entrance and exit are open and closed, respectively, the growth rate was negative at 878 Hz, as shown 

in Fig. 14(a). This implied a stable condition, which indicated that a false prediction had been made. 

On the contrary, if the experimentally measured RC was used for the prediction, a positive growth rate 

was calculated in the corresponding region. In addition, other unstable frequencies were also predicted 

more accurately when the experimentally measured RCs were used. Therefore, a more accurate 

prediction can be made by using an accurate RC for the prediction of the CI frequency. 

Fig. 13.  Prediction of the Helmholtz resonator frequency for Case 2 
(75% H2 and 25% CH4 fuel composition)
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Fig. 14. Results of the instability frequencies for Case 1 (25% H2 and 75% CH4 fuel composition) 
with a 1220-mm-long combustor using the (a) assumed and (b) experimental RCs. The white dotted 
lines indicate the frequencies of the CIs in the combustion experiment, and the white dotted circles 

represent unstable modes that are mispredicted when the RC is assumed 
 

4. Conclusion 

The work in this study improved the accuracy of prediction by using an experimentally measured 

reflection coefficient (RC) for the prediction of the combustion instability (CI) frequency. Since the 

RC depends on the thermodynamic state and frequency of the combustion chamber, an experimentally 

measured RC should be used for precise instability prediction. 

In this study, it was necessary to define the position of the flame because it was assumed to be a 

thin flame in the unstable frequency prediction technique. Therefore, the luminance center of the 

flame was assumed to be the center of the flame since the reactant releases energy. The luminance 

center of the flame was calculated using a flame image taken by OH-PLIF. The unstable prediction 

results were different when the flame position was set to 0 and when the calculated result was used. 

Hence, the center of the flame moved to the front of the combustion chamber as the fraction of 

hydrogen in the fuel increased. 

Moreover, the RC measurement technique using the two-microphone method was verified with an 

impedance tube according to the ISO standard. The RC in the combustion process was measured by 

the RC measurement technique, and the RC was transformed into a transfer function through the 

Fig. 14.  Results of the instability frequencies for Case 1 (25% H2 and 75% CH4 fuel composition) with a 1220-mm-long combustor using the (a) as-
sumed and (b) experimental RCs. The white dotted lines indicate the frequencies of the CIs in the combustion experiment, and the white 
dotted circles represent unstable modes that are mispredicted when the RC is assumed
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fraction of hydrogen in the fuel increased.

Moreover, the RC measurement technique using the two-

microphone method was verified with an impedance tube 

according to the ISO standard. The RC in the combustion 

process was measured by the RC measurement technique, 

and the RC was transformed into a transfer function through 

the fitting technique developed in this study. An unstable 

frequency was predicted by using the modified RC, and the 

result was compared with the unstable pressure frequency 

generated in the combustion experiment. By calculating the 

unstable frequency, the accuracy of the prediction significantly 

improved when the experimentally measured RC was used 

compared to when it was assumed to be a specific value. 

Further, the unstable-frequency mode-shift phenomenon 

due to the change in the length of the combustion chamber 

could not be predicted when the RC was assumed but could 

be predicted when the experimentally measured RC was used. 

Finally, in the prediction of the unstable frequency, a false 

prediction occurred when the RC was assumed, but the correct 

prediction had been made when the measured RC was used.

In order to avoid a CI, it is necessary to experimentally 

measure the frequency at which the CI occurs with 

conventional methods. However, in this study, the frequency 

of the CI was predicted, and the accuracy of the prediction was 

improved using an experimentally measured RC. Therefore, 

the analytical methods and the results of this study can be used 

for the development of rocket and gas turbine combustors to 

identify the frequency of a CI in advance and to optimize fuel 

composition and the geometry of the combustion chamber.
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