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Abstract
In this study, the combustion instability and emission characteristics of flames of different
H2/CH4 compositions were investigated in a partially premixed model gas turbine combustor.
A mode shift in the frequency of instability occurred under varying experimental conditions
from the first to the seventh mode of longitudinal frequency in the combustor, and a
parametric study was conducted to determine the reasons for this shift by using the length of
the combustor, a factor that determines the mode frequency of longitudinal instability, as the
main parameter. Furthermore, heat load and fuel composition (H2 ratio) were considered as
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parameters to compare the phenomenon under different conditions. The GRI-3.0 CANTERA
code, OH chemiluminescence and the Abel inversion process were applied to analyse the
frequency mode shift. NOx emissions, which occurred through the thermal NOx mechanism,
increased with increasing heat load and H2 ratio. The instability frequency shifted from the
first to the seventh mode as the H2 ratio increased in the H2/CH4 mixture. However, 100% H2

as fuel did not cause combustion instability because it has a higher burning velocity and
extinction stretch rate than CH4. Furthermore, the laminar flame speed influenced the
frequency mode shift. These phenomena were confirmed by the flame shapes. The Abel
inversion process was applied to obtain the cross section of the flames from averaged OH
chemiluminescence images. Stable and unstable flames were identified from the radial profile
of OH concentration. The combustor length was found to not influence frequency mode shift,
whereas the H2 ratio significantly influenced it as well as the flame shape. The results of this
experimental study can help in the reliable operation of gas turbine systems in SNG plants.

Keywords: Partially premixed model combustor; Combustion instability; Time lag
analysis; Exhaust gas; Abel inversion

NOMENCLATURE
slpm standard litre per minute
NOx nitrogen oxide
eiNOx emission index of nitrogen oxide
ICCD intensified charge-coupled device
IGCC integrated gasification combined cycle
SNG synthetic natural gas
CCS carbon capture and storage

Symbols
_V volume flow rate
f F number
OH hydroxyl
C speed of sound
γ adiabatic index
Lc combustor length
Li ith acoustic energy loss
R gas constant
T temperature

1.0 INTRODUCTION
1.1 Background

Renewable and alternative fuels such as synthetic gas (syngas; composed of H2 and CO),
synthetic natural gas (SNG; composed of H2 and CH4) and biomass are promising solutions
to global climate issues. In the research field of gas turbines, interest in such energy resources
has increased in recent years. Conventional burners use solid fuels such as coal, are inefficient
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and emit a large amount of pollutants, including soot, which is the final product of com-
bustion. SNG plants have recently been highlighted as an alternative to conventional burners.
An SNG plant converts coal into gaseous fuel while applying the carbon capture and storage
(CCS) technique, which eliminates the need to remove carbon and sulphur(1). SNG as fuel is
stable and storable, and lead to fewer emissions because methanation and CO shift remove the
CO and CO2 generated by coal oxidation. The first SNG plant was built in North Dakota,
USA, and 15 plants are in operation today(2).

A gas turbine system has many advantages. For example, renewable resources can be used
in it, and it is highly efficient (60%) when combined with a steam turbine. Moreover, the
duration between the starting of the engine and its attainment of maximum power is relatively
short compared with that in a conventional burner. The size of the system is not too large
either, i.e. the site for a gas turbine plant need not be vast. However, emissions and com-
bustion instability have recently been identified as problems in gas turbine systems because
the operation environment involves a high pressure and temperature.

NOx and CO are exhaust gas emissions that cause pollution and the destruction of the ozone
layer. NOx is generated through three mechanisms (thermal, prompt and fuel NOx); however,
about 80–90% of the generated NOx is thermal NOx, which is generated in high-temperature
environments in combustors(3). NOx emission irritates the human eye and respiratory system, in
addition to destroying plants and causing acid rain. CO is emitted as a colourless and tasteless
gas, and is the most common cause of fatal air poisoning in many countries(4). Therefore, it is
important to study the characteristics of such emissions and ways to reduce them.

Combustion instability occurs through interactions between pressure and heat-release
oscillation in a combustor. When the oscillation is too high, the combustor’s liner and the
blade of the turbine can be damaged. Even at a low amplitude of combustion instability, the
oscillation may have a high amplitude. Therefore, it is important to investigate the char-
acteristics of combustion for various fuel compositions and combustor geometries.

1.2 Past research on H2/CH4 combustion in gas turbine

Many research groups have studied combustion in gas turbines to understand the emission
characteristics and combustion instability of fuels having various compositions.

Cheng et al reported that NOx emissions are linearly dependent on the temperature of the
adiabatic flame in low-swirl-injected lab-scale gas turbine combustion. They observed a shift
in a lifted low-swirl flame at the exit of the nozzle with increasing H2 content in the fuel, and
the flame was observed to attach onto a dump plane for 100% H2 fuel(5). Coppens et al
experimentally studied NO concentration in various flame shapes and found that NO con-
centration is a function of the equivalence ratio. The Zeldovich thermal NOx mechanism was
found to be dominant in stoichiometric conditions, whereas the Fenimore prompt NO
mechanism was dominant for equivalence ratios ranging from 1.3 to 1.4. A high H2 content of
the fuel did not affect NO concentration in lean flames, whereas the NO concentration in rich
flames decreased considerably with increasing H2 content

(6).
In the context of combustion instability, Shanbhogue et al experimentally studied a fixed-

swirl-angle combustor at atmospheric pressure and temperature. Combustor transitions to
periodic oscillation occurred as the equivalence ratio increased to 0.65(7). Dowling and
Langhorne et al pointed out that low-frequency instability of combustion occurs in the
afterburner of aero-engines with a high equivalence ratio, and it is called reheat buzzing
instability(8,9). Figura et al reported that the centre of heat release is an important factor for
predicting combustion instability. The centre of heat release moves with respect to the
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operation conditions and fuel composition(10). Lee et al found that the convection and
skewness time are key parameters determining frequency mode shift. They conducted an
experimental study in a gas turbine combustor and applied OH PLIF and POD to determine
reasons for the frequency mode shift phenomenon(11). Moreover, many researchers have
studied the characteristics of combustion using experimental(12–20), analytic(21,22) and com-
putational(23–25) approaches.

This study investigates the characteristics of frequency mode shift for various combustor
lengths, heat loads and fuel compositions (H2/CH4 ratio). To investigate reasons for the
frequency mode shift, a high-speed camera was used to obtain OH* chemiluminescence
images and the Abel inversion process was applied. The laminar burning velocity of the flame
was also calculated to investigate the relation between convection time and frequency
mode shift(26).

2.0 EXPERIMENTAL APPARATUS AND METHODS
2.1 Experimental setup

A model gas turbine combustor was manufactured for the experimental study, as shown in
Fig. 1. The flow rates of fuel and air were controlled using mass flow-rate controllers (MFC;
air: Bronkhorst, F-206BI, fuel: Parker, Porter-200), and an air heater constantly supplied
heated air at a temperature of up to 200± 3°C. The fuel consisted of H2 and CH4, which
were mixed in the MFCs. The fuel mixture was injected into the combustion zone through
14 holes, each measuring 1.78 mm in diameter, in the cross air flow jet pattern. The injection
holes were located 2.7 mm upstream of the dump plane, which can make partially premixed

Figure 1. Schematic of model gas turbine combustor and sensor position.
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flame. The swirl vane was angled at 45°, and the swirl number of the nozzle was
approximately 0.8. To visualise the flame, a circular quartz tube was installed at the front of
the combustor’s dump plane. Cooling air (V ċooling_air= 900 slpm) was injected onto the
quartz surface to avoid thermal damage from the flame. A plug nozzle blocked 90% of
the combustor’s outlet to create an acoustic boundary and could move back and forth. The
combustor’s length was defined as the distance between its dump plane and the plug nozzle
because the fuel–air nozzle also had an acoustic boundary. The definition of the combustor
length was validated by comparing the frequency of experimental instability to the calcu-
lated longitudinal instability mode frequency obtained using this length. Eleven dynamic
pressure sensors (PCB 102A05) and five thermo-couples (K type and R type) were used to
measure the fluctuating pressure and temperature, respectively, and their positions are
shown in Fig. 1.

A gas analyser (TESTO 350K) was set up to measure the exhaust emissions of NOx in dry
gas using a drying sampling tube (NOx sensor; measurement range: 0–4,000 ppm, resolution:
0.1 ppm) and CO (CO sensor; measurement range: 0–10,000 ppm, resolution: 1 ppm). NO2 is
more stable than NO, and NO is continuously converted to NO2 by reacting with O2 in the
high-temperature combustion zone. Therefore, the measurement of exhaust emissions must be
made at the final stage of the combustor to obtain accurate results. For this purpose,
the sensing probe of the gas analyser was installed at the rear of the combustor, where the
chemical reaction had been completed.

A high-speed ICCD camera (high-speed star 8; 1,024 × 1,024 pixels, 1 kHz) with an
intensifier (high-speed IRO) was used to capture images of the flame through a
quartz tube. An f/2.8 UV lens and an OH bandpass filter (307± 10 nm) were installed on
the camera to obtain chemiluminescence signals of the OH radical. The OH chemilu-
minescence signal represented the heat-release characteristics of the combustion zone.
In other words, this signal could be used to identify the structural characteristics of
the flame.

2.2 Test conditions

To obtain maps of the combustion stabilities of H2 and CH4 (purity; H2> 99.5 mole%,
CH4> 99.5 mole%) on the model gas turbine combustor, several variations were selected
in this study. The combustion air temperature was 200± 3°C, and the mass flow rate was
0.02 kg/s (volume flow rate: 1,100 slpm). Thermal loads of 35 kW, 40 kW and 45 kW
were considered to study the relation between thermal load and combustion instability.
Since the test was conducted at a lab scale, the test pressure was maintained at 1.1–1.3
atm depending on the fuel composition because of the instantaneous combustion pressure
in the combustion zone and the acoustically closed plug nozzle. Moreover, the H2 and
CH4 contents were varied, and the H2 ratio was defined as the ratio of the volumetric flow
rate of H2 to the sum of those of H2 and CH4. The fuel compositions varied from 100%
CH4 to 100% H2. In other words, the H2 ratio was varied from 0% to 100% in increments
of 12.5%. The combustor’s length was the main variable in this study because the
geometric conditions of the combustor influenced the mode frequency of combustion
instability; the length was varied from 1,160mm to 1,400 mm in increments of 15 mm.
Table 1 summarises the experimental conditions. To determine the characteristics of the
flame under these test conditions, images of the flame, mode analysis and CANTERA-
MATLAB were used.
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2.3 Methods

Emissions of exhaust gases such as NOx and CO were converted from their original values to
15% O2 correction by using Equation (1) to compare the experimental results:

Emissionppm@ x%O2
= Emissionmeas:ð Þ ´ 20:9�x

20:9�100 � O2;meas:
� �

( )
…(1)

Here, emissionmeas. denotes the emission measured by the gas analyser, and x is the con-
version value. The objective of this conversion was to regulate NOx or CO emissions from the
gas turbine, heater and boiler systems(21). The conversion value was 3% O2 in the case of the
heater and boiler, whereas it was 15% O2 in the case of the engine and the gas turbine(27,28).

To analyse the mode frequency, Equation (2), which represents the longitudinal mode
frequency in the case of closed boundary conditions, was used to calculate the instability
frequency:

f =
n � c
2 � Lc ; n= 1; 2; 3; ¼ ; c=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ � R � Tc

p
…(2)

γ is the adiabatic index, R is the gas constant, Lc is the combustor length from the dump plane
to the acoustic plug nozzle and c is the speed of sound in the combustion zone. The tem-
perature used in Equation (2) was obtained from the experimental data. The value of Tc was
calculated based on the mean value of the temperature measured using the thermo-couple
installed from the dump plane to the plug nozzle.

The Abel inversion process was applied to obtain 2D images from 3D accumulated images
that were acquired using a high-speed camera. To capture the averaged flame images, the
high-speed camera captured images for one second at a rate of 1 kHz with full CCD reso-
lution. The averaged images were calculated using cross-sectional radical information(29).

Figure 2 shows a time-averaged OH chemiluminescence image and its Abel-inverted image
under a heat load of 40 kW, an H2 ratio of 75%, and combustor length of 1,400mm.

3.0 RESULTS AND DISCUSSION
3.1 Exhaust gas emission

The emission index of nitric oxide (eiNOx) is defined as grams of NOx emitted per kg of
burned gas, which can be used as an indicator of the exhaust gas in various combustion
environments. It is important in combustion research to determine the eiNOx data at the

Table 1
Experimental test conditions

Parameter Values

Fuel H2, CH4

Air flow rate 0.02 kg/s (1,100 slpm)
Air temperature 200°C (= 473 K)
Heat load 35 kW, 40 kW, 45 kW
Combustor length 1,160–1,400mm
H2 ratio

H2
H2 +CH4

0–100%
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scaling formulation to predict the amount of NOx emissions because it is the relative value
used to compare varying compositions of fuel(30):

eiNOx=
�Ð

MNOx _ωNOxdx

�Ð
Mfuel _ωfueldx

…(3)

where M denotes the molecular weight of each gas and _ω is the production or consumption
rate in the combustion zone.

Figure 3 shows the experimental results for heat loads of 35 kW, 40 kW and 45 kW for
different lengths of the combustor. The average emission values at each test condition are
represented by the dotted line, and the minimum–maximum values are plotted in Fig. 3.
Relatively high eiNOx emissions were observed at a high heat load and high H2 ratio at the
tested combustion temperature. The thermal NOx mechanism was the major one in NOx
generation in these experimental tests. The adiabatic flame temperature was higher than
1,200°C under all test conditions. The caloric value of the H2 fuel was greater than that of the
CH4 fuel. In other words, a higher ratio of H2 resulted in a higher flame temperature. The

Figure 2. Time-averaged OH chemiluminescence and Abel-inverted image at a heat load of 40 kW, H2 ratio
of 75% and combustor length of 1,400mm.

Figure 3. Characteristics of eiNOx emission with respect to H2 ratio and heat load.

144 THE AERONAUTICAL JOURNAL JANUARY 2019

https://doi.org/10.1017/aer.2018.150 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2018.150


variation in combustor length from 1,160mm to 1,400mm did not influence the character-
istics of NOx emission. According to the mechanism of thermal NOx (Zeldovich’s
mechanism), its temperature and time of residence in the combustion zone determined the
characteristics of NOx emission. That is, the chemical reaction in the combustion zone is
important for these characteristics. However, the length of the combustor used in this study
was greater than the flame length. The eiNOx associated with a non-premixed turbulent jet
flame is proportional to the global residence time Lf/UF. However, the fuel–air injector used in
the experiments was of a partially premixed injecting type with strong swirl number in spite
of a very short mixing length. The swirl number can be calculated from the following
equation:

Sn =
2
3

1� Dswirl in =Dswirl outð Þ3
1� Dswirl in =Dswirl outð Þ2

" #
tanϕ …(4)

Dswirl_in, Dswirl_out and ф are the inner diameter of the swirler, the outer diameter of the
swirler and the swirl vane angle, respectively. From Equation (4), the swirl number is about
0.83, which is sufficiently high to make a premixed flame. Therefore, eiNOx was mainly
influenced by the flame temperature, which is determined by thermal NOx (Zeldovich’s
mechanism), rather than flame length.

In the case of H2 flame, the flame length was shorter than the CH4 flame length. When the
H2 ratio was higher, a higher eiNOx was measured because the eiNOx strongly depended on
the flame temperature, rather than the combustor length, in the experiments. Therefore, the
variation in combustor length in this study did not affect the flame shape, length character-
istics and flame temperature. Consequently, the combustor length did not affect the thermal
characteristics of the emission of NOx.

In contrast to the characteristics of the emissions of NOx, CO emission was less than 3 ppm
under all test conditions. CO was generated by incomplete combustion. The equivalence ratio
in the test ranged from 0.4 to 0.6. Therefore, if all reactants were well mixed, the amount of
CO emission was small. The gas turbine combustor had a partially premixed nozzle with a
short mixing length. Nevertheless, the swirled vane intensified swirling flow, and the fuel and
air mixed well. Therefore, CO emission was negligibly low for all experimental conditions.

3.2 Shift in combustion instability mode with H2 ratio

Figure 4(a) shows the maximum amplitude of the fast Fourier transform (FFT) at the third
dynamic pressure sensor (DP3), which was placed on the dump plane, where dynamic
pressure data were measured for one second. Figure 4(b) shows radial images of the flame’s
OH chemiluminescence and flame length, which was post-processed by the Abel transform.
The combustion instability criterion was defined as a root mean square (RMS) value of the
FFT amplitude higher than 0.15 psi. As per legislation, the criterion of industrial gas turbine
combustion instability was an oscillation of static pressure of the combustor liner greater than
3–5%(31).

The frequency of the theoretical longitudinal instability of the combustor is represented by
the grey rectangular area in Fig. 4(a) because the combustor length affected the longitudinal
frequency mode. The experimental conditions are denoted by circular marks. The flame
length was calculated using the OH* radial images and was defined as the distance between
the dump plane and the flame centre of OH* intensity. The combustion instability frequency
mode shifted from the first to the seventh mode as the H2 ratio increased from 0% to 100%.
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However, the amplitude of combustion instability for 100% H2 fuel was low compared with
that for the other test conditions in which CH4 was included in the fuel. Almost all instability
amplitudes of 100% H2 fuel were under 0.01. Convective time was an important parameter
for combustion instability in time-lag analysis. It was also directly influenced by and pro-
portional to the flame’s length. If the flame is very short, the convective time is short as well.
This process rendered very short the time between a fluctuation in the heat released by the
flame and that in its pressure in the combustion zone. Therefore, H2 with a high burning
velocity affected the high-frequency mode shift of combustion instability. The effect of H2

composition on the frequency of combustion instability has been studied by many research
groups. Lieuwen claimed that the mixture velocity of fuel and air at the inlet affected the
frequency mode shift(32), and Yoon reported the importance of convective time as a parameter
of instability frequency(33). The total time delay consisted of various delay times (acoustic
time, convective time, ignition time and so on). Higher-frequency transition phenomena
mainly depend on the convective time among the delay times. In a conventional premixed
combustor, the fuel–air mixing length mainly affects the convective time since the mixing
length was greater than the flame length. In contrast, the change of the flame length with H2

ratio in a partially premixed combustor has a major effect on the convective time because of
the very short mixing length (Lmixing length= 2.7 mm).

Figure 5 shows the frequency of instability during the variation in combustor length from
1,160mm to 1,400mm at a heat load of 35 kW and H2 ratio of 37.5%. The dotted line shows

Figure 4. (a) Mode analysis based on the amplitude of a dynamic sensor and (b) flame structure with
respect to H2/CH4 ratio and combustor length at a heat load of 40 kW.
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the longitudinal frequency calculated using Equation (2). The theoretically calculated values
were overestimated compared with the experimental dataset because the temperature in
Equation (2) was used only as the third thermo-couple value in Fig. 1. However, the trend of a
reduction in frequency in the experimental data was confirmed to be similar to the calculated
trend, and the frequency of instability was shown to be the longitudinal mode frequency.

OH-chemiluminescence image acquisition and flame-length calculation were performed as
shown in Fig. 4(b) to investigate the effect of convective time of the fuel–air mixture with
regard to the H2 ratio in the partially premixed fuel–air nozzle. In addition, the combustion
instability frequency does not shift to a higher mode as the combustor length is changed as in
Fig. 6, and it is experimentally confirmed that the length of the combustor does not affect the
combustion instability and length of the flame.

3.3 Combustion instability mode shift for different heat loads

Equation (5) is the definition of the Rayleigh criterion, which describes combustion
instability: ð

V

ð
T

p0 x; tð Þq0ðx; tÞdtdV ≥
ð
V

ð
T

X
i

Liðx; tÞdtdV ::: (5)

where p′ is the instantaneous oscillation in the pressure of the combustor, q′ is the heat-release
oscillation and L is the loss of acoustic energy through processes such as damping and viscous
dissipation(34). When the value of the right-hand side of Equation (5) exceeds that of the left-
hand side, combustion instability occurs. In other words, the increase in the heat load
increases the heat-release oscillation in the acoustic field, and can increase the amplitude of
combustion instability. On the contrary, combustion instability did not occur at a 100% H2

ratio, even though a high heating value of H2 was applied. Hydrogen has a high burning
velocity and high extinction rate compared with CH4; that is, a flame containing a high H2

composition is not easy to extinguish, and thus, the heat-release oscillation was low.
Therefore, a 100% H2 fuel flame was very stable.

Figure 5. Frequencies of combustion instability for various combustor lengths with a heat load of 35 kW and
H2 ratio of 37.5%.
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Figure 6(a) shows the results of the instability FFT mode analysis under all experimental
conditions for heat loads of 35 kW, 40 kW and 45 kW. In the unstable region, the char-
acteristics of instability frequency were similar at all heat loads in the same longitudinal
mode. The increase in heat increased the flame temperature in the combustion zone and q′ in
Equation (5), which induced a pressure fluctuation (p′). The temperature of the combustion
zone increased the speed of sound of the combustion product, which is c in Equation (2).
Therefore, the frequency of combustion instability increased at the same harmonic mode as
the longitudinal mode. Moreover, the amplitudes of combustion instability increased with
respect to the heat load, as shown in Fig. 6(b). The amplitude of combustion instability is
related to the coupling between the fluctuation in pressure and that in heat release. Therefore,
increasing q′ does not necessarily increase p′. However, when the phase between p′ and q′
was the same under various heat-load conditions, the amplitude of combustion instability was
theoretically proportional to heat release. Therefore, the average amplitude of combustion

Figure 6. (a) Mode analysis based on the amplitude of a dynamic sensor with respect to the heat load and
(b) a detailed view of the combustion instability of the fourth mode of longitudinal frequency.
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instability at the same heat-load conditions increased with respect to this increase. The rate of
fuel flow was low compared with that of air flow, and heat load was controlled to adjust fuel
flow at a fixed rate of air flow. The variation in the velocity of the fuel–air mixture was small

Figure 7. Length and structure of the flame at varying heat loads (35, 40 and 45 kW).

Figure 8. Instability frequency with respect to the speed of the laminar flame for different (a) H2 ratios and (b)
heat loads.
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for each heat load at the inlet. Therefore, the heat load did not affect the frequency mode shift.
Figure 7 shows the length and structure of the flame. As mentioned above, when the flame
length was similar, the frequency mode shifting of combustion instability did not occur under
different heat loads.

The laminar flame speed was the velocity at which the flame propagated through unburned
reactants in the combustion zone. Flame length was dependent on the speed of the laminar
flame and affected convection time (τconvtion=Lflame/U) in time-lag analysis (35). Figure 8
shows the characteristics of calculation of the laminar flame speed using GRI-3.0 in
CANTERA-MATLAB code, where it was assumed that the fuel–air mixture was well mixed
in the reactor and combustion was complete. The speed of the laminar flame affected the
frequency mode shift from the fundamental mode to the sixth mode of longitudinal frequency.
When this speed increased, convection time decreased because the flame length decreased. A
higher H2 ratio and heat load increased the laminar flame speed by increasing the temperature

H2 ratio Averaged
OH* image

Abel-inverted
image

0%

12.5%

25%

37.5%

50%

62.5%

75%

82.5%

100%

Max Max

min min

(a)

(b)

Figure 9. (a) Flame-structure characteristics between CH4 and H2 flames and (b) time-averaged OH*
chemiluminescence and Abel-inverted images at a combustor heat load of 40 kW and a length of 1,400mm.
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Figure 10. Radial profiles of OH radical concentrations of the flame at a combustor length of 1,400mm for
H2 ratios of (a) y= 8mm, (b) y= 11mm and (c) y=14mm.
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of the combustion zone. In other words, the interval between the fluctuation in the fuel–air
mixture in the combustion zone and that in heat release was shorter than the convection time.
Therefore, the frequency mode was proportional to the speed of the laminar flame.

3.4 OH* chemiluminescence (flame) characteristics

To investigate the characteristics of the flame, OH chemiluminescence images were acquired
by using a high-speed ICCD camera; 500 pairs of instantaneous images were averaged, as
shown in Fig. 9. Fuel with a relatively high H2 content had a higher burning velocity than
CH4. That is, a high H2 ratio rendered the flame short, and it shrunk onto the dump plane
(burning velocity; H2: 289 cm/s, CH4: 37 cm/s). In addition, the CH4 flame was more likely to
be blown out than the H2 flame because the CH4 flame fluctuated near the fuel-air nozzle
owing to the low burning velocity. However, the flame was anchored in the dump plane, as

Figure 11. Radial profiles of OH concentration of the flame for different H2 ratios at y=11mm from the dump
plane. (a) H2 ratio= 50% and (b) H2 ratio=100%.
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shown in Fig. 9(a), by the outer recirculation zone between the long CH4 flame and the quartz
tube wall and the inner recirculation zone. In contrast, the H2 flame exhibited a wider range of
stable flames owing to the increased hydrodynamic and diffusive thermal instability(36).
Moreover, the intensity of OH chemiluminescence was low because of the broad radial
distribution, although the heat load was constant. The mixture velocity is an important
parameter that influences flame length. The high heating values of H2 and CH4 were
12.76 MJ/Nm3 and 37.75 MJ/Nm3, respectively. In other words, the flow rate of the fuel
mixture increased with the H2 ratio. A high H2 ratio incurred a high mixture injection velocity
at the nozzle, and a relatively long flame was formed at higher heat loads. However, in view
of flame structure, the effect of fuel flow rate was smaller than that of fuel composition.

The angle between the dump plane and the direction of main flow was defined as the flame
angle. To determine the flame angle in accordance with the H2 ratio, the radial profiles of the
OH radical concentration of the flame were acquired at y= 8mm, y= 11mm and y= 14mm
from the dump plane, as shown in Fig. 10. At low H2 ratios such as 0% and 12.5%, the
intensity of the OH radical was barely apparent near the dump plane. Further, the maximum
value of OH intensity increased with increasing H2 ratio at y= 8mm and y= 11mm. How-
ever, the maximum value of OH intensity decreased rapidly at an H2 ratio of 100% at
y= 14mm because the flame of the 100% H2 fuel was shorter than that at an H2 ratio of
87.5%. Therefore, the radial position of the OH radical was lower.

The variation in flame shapes in accordance with that in combustor length (1,160mm,
1,280mm and 1,400mm) in the state of combustion instability was analysed. OH radical
profiles were obtained at y= 11mm from the dump plane. A proper distance was selected to
obtain the OH radical intensity at which the flame existed under all experimental conditions.
Figure 11 shows the radial profiles of the characteristics of OH concentration for different
combustor lengths: 1,160mm, 1,280mm and 1,400mm. The OH radical profiles for each
length of the combustor in Fig. 11(a) show different shapes, whereas those in Fig. 11(b) show
similar characteristics. In terms of the combustion instability phenomenon, the flame strongly
vibrated back and forth on the dump plane. On the contrary, a stable flame formed with

Figure 12. Average error of the radial profiles of OH concentrations of flame for different H2 ratios at
y=11mm from the dump plane.
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similar structural characteristics is shown in Fig. 11(a). To compare the structural char-
acteristics of the flame between stable and unstable conditions, the averaged error was defined
as the error between sum of the intensity profiles and the average value of the sum of
intensities. This error is shown in Fig. 12 with respect to the H2 ratio.

A high value of average error implied that the flame shapes were different for different
combustor lengths; that is, as the average error was higher than the stable flames. In other
words, a lower value of the average error indicated similar OH radical profiles for each
combustor length. The average error was low for an H2 ratio of 0% (similar to that for an H2

ratio of 100%) because the signal of the OH radical was too low to compare among different
combustor lengths. In other words, the distribution of the OH radicals and average error were
sufficient to distinguish between a stable state and a state of combustion instability, which is
confirmed in Figs 9–12.

4.0 CONCLUSION
Emission characteristics, including the relationship among combustion instability mode
transition, combustor length, the characteristics of flame shape and the OH radical con-
centration of the flame, were analysed in this study experimentally under various test con-
ditions in a model gas turbine combustor. The results are summarised as follows:

1. The length of the combustor did not affect eiNOx emission. The combustion reaction
zone, where the fuel and the air were mixed and reacted chemically, was shorter than the
length of the combustor used in this study. Therefore, the chemical reaction was complete
regardless of this length. It was experimentally confirmed that the NOx mechanism was
thermal NOx (Zeldovich’s thermal NOx mechanism) because higher NOx emissions were
observed when the H2 ratio of the H2/CH4 mixture and the heat load increased, which
influenced flame temperature. Moreover, CO emission was less than 3 ppm, as the
equivalence ratio varied from 0.4 to 0.6 in all experimental conditions.

2. The frequency of combustion instability shifted to a higher longitudinal mode with an
increase in the H2 ratio. The fundamental mode of the longitudinal frequency of the
combustor occurred for an H2 ratio 0% in terms of fuel composition, which thus con-
sisted of only CH4, and the frequency mode shifted up to the seventh longitudinal mode
with an increase in H2 in fuel composition. This was verified by the theoretical for-
mulation. However, the length of the combustor did not influence mode transition; only a
slight frequency change was observed at the same frequency mode. The H2 ratio changed
flame length due owing the relative burning velocities of H2 and CH4, and the flame
length influenced convection time. To support the results, the speed of the laminar flame
was calculated, and it was verified that the frequency of combustion instability was
proportional to this speed.

3. Flame length deceased with an increase in the H2 ratio, which was verified using a
7,000-Hz high-speed camera and the Abel inversion process. Using the images of the
flame cross section, the occurrence of combustion instability was confirmed based on
the radial profiles of OH radical concentration of the flame with the strong vibration of
the flame on the dump plane.

In conclusion, an experimental test was conducted to investigate combustion instability and
the characteristics of the exhaust gas at various combustor lengths. The emission and
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combustion instabilities were primarily dependent on the chemical composition, rather than
combustor length, and the speed of the laminar flame was used to verify the phenomenon of a
shift in the combustion instability mode. Moreover, combustion instability can be dis-
tinguished using images of flame images obtained by a high-speed camera. The results of this
study are expected to provide fundamental insights into stable gas turbine operation by
avoiding combustion instability.

ACKNOWLEDGEMENTS
This study was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIP) (No. 2015R1A2A2A010043), the Ministry of Trade,
Industry & Energy (MOTIE, Korea) under the Industrial Technology Innovation Program,
(No. 10067074) and the Advanced Research Center Program (NRF-2013R1A5A1073861)
through a National Research Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MSIP), contracted through the Advanced Space Propulsion Research Center at
Seoul National University.

REFERENCES

1. LIU, J., CUI, D., YAO, C., YU, J., SU, F. and XU, G. Syngas methanation in fluidized bed for
an advanced two-stage process of SNG production, Fuel Process Technology, 2016, 141, (1), pp
130–137.

2. VITASARI, C.R., JURASCIK, M. and PTASINSKI, K.J. Energy analysis of biomass-to-synthetic natural
gas (SNG) process via indirect gasification of various biomass feedstock, Energy, 2011, 36,
(6), pp 3825–3837.

3. KHALIL, A.E. and GUPTA, A.K. Fuel flexible distributed combustion for efficient and clean gas
turbine engines, Applied Energy, 2013, 109, pp 267–274.

4. OMAYE, S.T. Metabolic modulation of carbon monoxide toxicity, Toxicology, 2002, 180, (2), pp
139–150.

5. CHENG, R.K., LITTLEJOHN, D., STRAKEY, P.A. and SIDWELL, T. Laboratory investigations of a low-
swirl injector with H2 and CH4 at gas turbine conditions, Proceeding of Combustion Institute,
2009, 32, (2), pp 3001–3009.

6. COPPENS, F.H.V, RUYCK, J.D. and KONNOV, A.A. The effects of composition on burning velocity
and nitric oxide formation in laminar premixed flames of CH4 +H2 +O2 +N2, Combustion and
Flame, 2007, 149, (4), pp 409–417.

7. SHANBHOGUEA, S.J., SANUSI, Y.S., TAAMALLAHA, S., HABIB, M.A., MOKHEIMER, E.M.A. and GHO-

NIEM, A.F. Flame macrostructures, combustion instability, and extinction strain scaling in swirl-
stabilized premixed CH4/H2 combustion, Combustion and Flame, 2016, 163, pp 494–507.

8. LANGHORNE, P.J. Reheat buzz: an acoustically coupled combustion instability. Part 1. Experiment,
J Fluid Mechanics, 1988, 193, pp 417–443.

9. BLIXSIDGE, G.J., DOWLING, A.P. and LANGHORNE, P.J. Reheat buzz: an acoustically coupled
combustion instability. Part 1, Theory, J Fluid Mechanics, 1988, 193, pp 445–473.

10. FIGURA, L., LEE, J.G., QUAY, B.D. and SANTAVICCA, D.A. The effects of fuel composition on flame
structure and combustion dynamics in a lean premixed combustor, Proceeding of ASME Turbo
Expo 2007: Power for Land, Sea, and Air, Am Soc Mech Eng, 2007, 2, pp 181–187.

11. LEE, M.C., YOON, J., JOO, S., KIM, J., HWANG, J. and YOON, Y. Investigation into the cause of high
multi-mode combustion instability of H2/CO/CH4 syngas in a partially premixed gas turbine
model combustor, Proceedings of Combustion Institute, 2015, 35, (3), pp 3263–3271.

12. GARCÍA-ARMINGOL, T., BALLESTER, J. and SMOLARZ, A. Chemiluminescence-based sensing of flame
stoichiometry: influence of the measurement method,Measurement, 2013, 46, (9), pp 3084–3097.

13. KIM, H.S., ARGHODE, V.K., LINCK, M.B. and GUPTA, A.K. Hydrogen addition effects in a confined
swirl-stabilized methane–air flame, Int J Hydrogen Energy, 2009, 34, pp 1054–1062.

JOO ET AL HIGH-FREQUENCY TRANSITION CHARACTERISTICS OF SYNTHETIC NATURAL… 155

https://doi.org/10.1017/aer.2018.150 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2018.150


14. SPEARMAN, F. The derivation and use of aerodynamic transfer functions of airframes, J Royal
Aeronautical Soc, 1955, 59, (539), pp 743–761.

15. OSHEROV, A. and NATAN, B. Combustion instability in a small liquid rocket motor, Aeronautical J,
1999, 103, (1023), pp 245–252.

16. MCCORMACK, D. A driving mechanism for high-frequency combustion instability in liquid fuel
rocket engines, J Royal Aeronautical Soc, 1964, 68, (645), pp 633–637.

17. YAN, Y.W., LIU, Y.P., LIU, Y.C. and LI, J.H. Experimental and computational investigations of
flow dynamics in LPP combustor, Aeronautical J, 2017, 121, (1240), pp 790–802.

18. KARAGÖZ, Y., GÜLER, İ., SANDAL, C.T., YÜKSEK, L., DALKILIÇ, A.S. and WONGWISES, S. Effects of
hydrogen and methane addition on combustion characteristics, emissions, and performance of a
CI engine, Int J Hydrogen Energy, 2016, 41, (2), pp 1313–1325.

19. AHMED, E. and HUANG, Y. Flame volume prediction and validation for lean blow-out of gas
turbine combustor, Aeronautical J, 2017, 121, (1236), pp 237–262.

20. DANIELE, S., JANSOHN, P., MANTZARAS, J. and BOULOUCHOS, K. Turbulent flame speed for syngas at
gas turbine relevant conditions, Proceedings of Combustion Institute, 2011, 33, pp 2937–2944.

21. STRÖHLE, J. and MYHRVOLD, T. An evaluation of detailed reaction mechanisms for hydrogen
combustion under gas turbine conditions, Int J Hydrogen Energy, 2007, 32, (1), pp 125–135.

22. THEOFILIS, V., BARKLEY, D. and SHERWIN, S. Spectral/HP element technology for global flow
instability and control, Aeronautical J, 2002, 106, (1065), pp 619–625.

23. ARGHODE, V.K. and GUPTA, A.K. Hydrogen addition effects on methane-air colorless distributed
combustion flames, Int J Hydrogen Energy, 2011, 36, (10), pp 6292–6302.

24. HAYES, R., DWIGHT, R. and MARQUES, S. Reducing parametric uncertainty in limit-cycle oscillation
computational models, Aeronautical J, 2017, 121, (1241), pp 940–969.

25. SABOOHI, Z. and OMMI, F. Emission prediction in conceptual design of the aircraft engines using
augmented CRN, Aeronautical J, 2017, 121, (1241), pp 1005–1028.

26. ALIYU, M., NEMITALLAH, M., SAID, S. and HABIB, M. Characteristics of H2-enriched CH4–O2

diffusion flames in a swirl-stabilized gas turbine combustor: experimental and numerical study,
Int J Hydrogen Energy, 2016, 41, (44), pp 20418–20432.

27. TURNS, S. An Introduction to Combustion: Concepts and Applications, McGraw-Hill Publishing
Companies, 2000, London, pp 472–507.

28. Source test protocol for determining oxygen corrected pollutant concentrations from combustion
sources with high stack oxygen content based on carbon dioxide emissions, South Coast Air
Quality Management District, 2011.

29. HANSEN, E.W. and LAW, P. Recursive methods for computing the Abel transform and its inverse, J
Optical Society of America A, 1985, 139, (4), pp 510–520.

30. NAHA, S. and AGGARWAL, S.K. Fuel effects on NOx emissions in partially premixed flames,
Combustion and Flame, 2004, 139, (1), pp 90–105.

31. LIEUWEN, T.C. Experimental investigation of limit-cycle oscillations in an unstable gas turbine
combustor, J Propulsion and Power, 2002, 18, (1), pp 61–67.

32. LIEUWEN, T.C. Investigation of Combustion Instability Mechanisms in Premixed Gas Turbines,
Ph.D. thesis, Georgia Institute of Technology, 1999.

33. YOON, J., JOO, S., KIM, J., LEE, M.C., LEE, J. and YOON, Y. Effects of convection time on the high
harmonic combustion instability in a partially premixed combustor, Proceeding of Combustion
Institute, 2016, 36, (3), pp 3753–3761.

34. NICOUD, F. and POINSOT, T. Thermoacoustic instabilities: should the Rayleigh criterion
be extended to include entropy changes?, Proceeding of Combustion Institute, 2005, 142,
pp 153–159.

35. PARK, J. and LEE, M.C. Combustion instability characteristics of H2/CO/CH4 syngases and
synthetic natural gases in a partially-premixed gas turbine combustor: Part I – Frequency and
mode analysis, Int J Hydrogen Energy, 2016, 41, (18), pp 7484–7493.

36. MANTON, J., VON-ELBE, G. and LEWIS, B. Nonisotropic propagation of combustion waves in
explosive gas mixtures and the development of cellular flames, J Chemical Physics, 1952, 20,
pp 153–157.

156 THE AERONAUTICAL JOURNAL JANUARY 2019

https://doi.org/10.1017/aer.2018.150 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2018.150

	High-frequency transition characteristics of synthetic natural gas combustion in gas�turbine
	NOMENCLATURE
	Symbols

	1.0 INTRODUCTION
	1.1 Background
	1.2 Past research on H2&#x002F;CH4 combustion in gas turbine

	2.0 EXPERIMENTAL APPARATUS AND METHODS
	2.1 Experimental setup

	Figure 1Schematic of model gas turbine combustor and sensor position.
	2.2 Test conditions
	2.3 Methods

	3.0 RESULTS AND DISCUSSION
	3.1 Exhaust gas emission

	Table 1Experimental test conditions
	Figure 2Time-averaged OH chemiluminescence and Abel-inverted image at a heat load of 40&znbsp;kW, H2 ratio of 75&#x0025; and combustor length of 1,400&znbsp;mm.
	Figure 3Characteristics of eiNOx emission with respect to H2 ratio and heat�load.
	3.2 Shift in combustion instability mode with H2 ratio

	Figure 4(a) Mode analysis based on the amplitude of a dynamic sensor and (b) flame structure with respect to H2&#x002F;CH4 ratio and combustor length at a heat load of 40&znbsp;kW.
	3.3 Combustion instability mode shift for different heat loads

	Figure 5Frequencies of combustion instability for various combustor lengths with a heat load of 35 kW and H2 ratio of 37.5&#x0025;.
	Figure 6(a) Mode analysis based on the amplitude of a dynamic sensor with respect to the heat load and (b) a detailed view of the combustion instability of the fourth mode of longitudinal frequency.
	Figure 7Length and structure of the flame at varying heat loads (35, 40 and 45&znbsp;kW).
	Figure 8Instability frequency with respect to the speed of the laminar flame for different (a) H2 ratios and (b) heat�loads.
	Figure 9(a) Flame-structure characteristics between CH4 and H2 flames and (b) time-averaged OH&#x002A; chemiluminescence and Abel-inverted images at a combustor heat load of 40&znbsp;kW and a length of 1,400&znbsp;mm.
	Figure 10Radial profiles of OH radical concentrations of the flame at a combustor length of 1,400&znbsp;mm for H2 ratios of (a) y�&#x003D;�8&znbsp;mm, (b) y�&#x003D;�11&znbsp;mm and (c) y�&#x003D;�14&znbsp;mm.
	3.4 OH&#x002A; chemiluminescence (flame) characteristics

	Figure 11Radial profiles of OH concentration of the flame for different H2 ratios at y�&#x003D;�11&znbsp;mm from the dump plane.
	Figure 12Average error of the radial profiles of OH concentrations of flame for different H2 ratios at y�&#x003D;�11&znbsp;mm from the dump�plane.
	4.0 CONCLUSION
	Acknowledgements
	ACKNOWLEDGEMENTS
	References


