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ABSTRACT
Mitsubishi Hitachi Power Systems, Ltd. (MHPS) has
been developing highly-efficiency gas turbine combined
cycle (GTCC) power generation engines with the Mitsubishi
Heavy Industries, Ltd. (MHI) Research & Innovation Center.
Traditionally, lean premixed combustion technology is used
for high temperature gas turbine combustors because it
allows an increase of the combustor exit temperature (serves
to increase the GTCC efficiency) while suppressing NOx
emission. To further increase the temperature of the lean
premixed combustion, we need increase mixing uniformity
and lower the flame temperature. However, in general, the
flame is unstable and combustion oscillation occurs easily at
lean premixed combustion conditions. Thus, for the
development of next generation GTCCs, it is essential to
understand the details of the unsteady combustion
phenomena during the combustion process. This would allow
for lower emissions and increase the reliability at high
combustion temperature conditions.
This paper uses both the experimental and numerical
simulation results to present an evaluation of the combustion
characteristics for a full-scale gas turbine combustor under
conditions seen in the actual engine. Under certain
conditions, heat release rate distributions in combustor were
obtained using multiple optical probes. In addition, a Large
Eddy Simulation (LES) conducted and the simulation result
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was compared with experimental data. Finally, the areas
where pressure fluctuations and heat release rate fluctuations
have an amplifying effect in the combustor were identified
using local Rayleigh criteria.
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INTRODUCTION
Mitsubishi Hitachi Power Systems, Ltd. (MHPS)
continuously carries out the development of technologies for
high-efficiency gas turbine combined cycle (GTCC) power
generation engines together with the Mitsubishi Heavy
Industries, Ltd. (MHI) Research & Innovation Center. In
2004, MHPS participated in a government sponsored project
entitled “Development of high-efficiency gas turbine
technology”. By utilizing the component technologies
developed during that project, MHPS completed the M501J,
the first a high-efficiency gas turbine engine in the world
with 1600°C turbine inlet temperature (Hada et al [1]). We
are currently involved in the development of technologies to
further increase the turbine inlet temperature by 100°C for
the development of 1700°C-class gas turbine (Ito et al [2]).
One of the issues that must be addressed when raising
the combustion temperature is the potential increase in NOx
emission. In general, the amount of NOx emission increases
exponentially with the rise of the combustion temperature.
To suppress NOx emission, it is necessary to increase mixing
uniformity and lower the flame temperature. However, in
case of lean premixed combustion, the flame is in general
unstable and combustion oscillation caused by fluctuation of
the heat release rate occur easily. Combustion oscillation can
decrease combustor performance and durability, and may
even result in equipment damage. Therefore, in designing a
combustor, it is essential to ensure stable combustion for a
lean premixed combustion condition.
Development of a low-NOx combustor capable of stable
combustion requires the use of advanced measurement and
analysis technologies in order to understand the unsteady
combustion phenomena that occurs inside the combustor. In
our research, we used optical probe measurement technology
for a high-pressure combustion experiment on a 1:1 scale
combustor in order to measure the heat release distribution
and heat release fluctuation at high temperatures and
pressures. We also compared the measurement results to LES
results to validate the
combustion CFD model.
Furthermore, combustion stability was evaluated using the
Rayleigh criteria.

Point measurement

MEASUREMENT
・Heat release measurement methodology
Since the heat release distribution cannot be measured
directly, a in-situ optical measurement technique was used to
estimate the heat release rate. Table 1 shows relevant optical
measurement methods. Optical measurements can be
categorized into 2D-imaging measurements and point
measurements. The 2D-imaging measurement methods use a
camera to capture the image of flame chemiluminescence or
the fluorescence of a specific chemical species excited by a
laser, while the point measurement methods use probes to
collect the light emitted from the flame at each probe point.

Main optical measurement methods.

○:Enables cross-sectional
measurement.

Main

×:Large observation window
is required.
×:Laser device is required.

Pailot

○:Time resolution is high.
○:Enables the measurement
of apatial heat release
distribution.

Chemiluminescence

2D-imaging measurement

Table 1

Chemiluminescence of flame (Example:OH*,CH*)

vave

Since the 2D-imaging measurement allows for the
investigation of the flame structure based on the spatial heat
release distribution, a lot of research has been conducted on
fundamental topics as well as application technologies (Isono
et al [3], Güthe et al [4], Emadi et al [5]). However, the use
of this method for a combustor test at high temperatures and
high pressure requires large measuring equipment in order to
provide the optical system with sufficient resistance to heat
and pressure. This produces undesirable effects on the
measurement target. With the point measurement, on the
other hand, very small optical probes, each with an outer
diameter of 10 mm or smaller, can be used to minimize the
effect on the measurement target. Furthermore, by obtaining
the measurements simultaneously at multiple points, it is
possible to determine the discrete heat release distribution.
Given this, we used optical probes in our experiment for the
measurement of heat released from the flame at high
temperatures and pressures.

Planar laser induced fluorescence

Frequency

Fluorescence of chemical speacies
excited by laser (Example:OH,CH)

f

×:Large observation window
is required.
×:Signal becomes the
integrated value of optical
path.

Main

Pailot

○:Time resolution is very
high.
○:Enables downsizing of
measurement equipment.
×:Signal becomes the
integrated value of optical
path.
×:There is no spatial
resolution.
○:Superior point ×:Poor point
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・Measurement spectra
Fig.1-a) shows the recorded flame spectrum for the 1:1
scale GT combustor operated at atmospheric pressure. OH*
chemiluminescence (307 nm) or CH* chemiluminescence
(430 nm), both of which can be correlated to the heat
release, were chosen to be the detection species in the flame
chemiluminescence measurement (Tachibana et al [6],
Venkataraman et al [7]). However, at high pressures like
those seen in a gas turbine, the effect of CO2*
chemiluminescence and black-body radiation become
intolerably large, and they cause a change in the flame
spectrum. Fig.1-b) shows the flame spectra at high pressure.
As shown in this figure, the OH* peak disappears
completely at this condition. This can be attributed to the
OH* intensity attenuation due to self-absorption of OH
between the post flame zone and optical probe (Güthe et al
[8], Thomas [9]), in addition to the effect of background
CO2*. Therefore, it is difficult to carry out OH*
measurements at high-pressure conditions.
On the other hand, a very small peak of CH* can be
seen, although the influence of CO2* and black-body
radiation become stronger. Furthermore, Güthe[8] and
Guyot[10] reported that CH* peak could be extracted by
removing the influence of CO2* from the background fitted
by the empirical formula (1) and black-body radiation fitted
by Planck's formula. In the Fig.1-b), curve fitting of the
black-body radiation is shown by red dash line and for
CO2* by the green dash line. We used the same procedure
to remove the background factors and extracted the CH*
peak. Fig.1-c) shows the flame spectra corrected using the
above method (Recorded spectra – (black-body radiation +
CO2*)). This results in clear extraction of CH* peak.
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It is well known that CH* chemiluminescence intensity
is proportional to the heat release at atmospheric pressure.
However, at high pressure lean premix conditions, there is
less information about the relation between CH* intensity
and heat release.
Therefore, we carried out a detailed 1-D premixed
flame analysis in CHEMKIN-PRO, in order to investigate
the relation between CH* intensity and heat release at high
pressure conditions. The reaction mechanism was based on
GRI-Mech 3.0[11] with additional reactions for CH* as
proposed by Tamura[12] and Nori[13]. Fig.2 shows the
relationship between CH* mole fraction (which represent
CH* chemiluminescence intensity) and heat release. The
vertical and horizontal axes in this figure are normalized by
their respective maximum values. It is evident from the
figure that the CH* intensity corresponds to the variation of
heat release rate at high pressure conditions. Therefore, the
heat release from the flame can be estimated by CH*
intensity.
One major problem with this measurement technique,
however, is the time resolution of the spectroscope. In
general, the frequency of combustion oscillation which occurs

Figure 1 a)Recorded flame spectra at atmospheric pressure
b)Recorded flame spectra at high pressure, c) Corrected
flame spectra at high pressure, obtained by full-scale GT
combustor.

Figure 2 Relationship between maximum CH* mole
fraction and maximum heat production calculated by 1-D
flame model combined with a modified version of the GRI
3.0[11-13]
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pressure fluctuation data was collected by the data
acquisition equipment.
As shown in Fig.4, the combustor was positioned inside
a test section that replicated the compartment shape of the
actual GT combustor. The maximum working pressure and
maximum working temperature of the combustion testing
shell were 3.0MPa and 550°C, respectively.
For the experiment, we kept the test section’s internal
pressure and inlet air temperature to the same value as in the
actual engine, then varied the pilot fuel ratio for the flameholding in order to measure the fluctuation of heat release
rate and internal pressure.
Figure 3
Relationship between intensity recorded by
monochrometer (300-340nm) and CH* intensity recorded by
spectroscope.
during GT combustor operation are the order of several tens
to thousands of Hz. Since the time resolution is not
sufficient, it is not possible to have a discussion on
combustion oscillation using the results of CH* obtained by
the spectroscope. Using a monochrometer, however,
provides sufficient time resolution though it cannot analyze
the chemiluminescence spectra since the light of arbitrary
wavelength bands are indistinguishable.
Therefore, we examined the optimal wavelength with
intensity proportional to CH* intensity in order to use
monochrometer. In our selection, we considered the
following points: 1) there should be no influence due to
black-body radiation and 2) there should be sufficient
chemiluminescence intensity.
From this measurement, it was determined that the
intensity of light between 300-340nm is proportional to the
extracted CH* intensity shown in Fig.3 and sufficient light
intensity can be obtained. In addition, Güthe[8] reported that
intensity of the chemilluminescence in this wavelength range
is correlated to heat release. For these reasons, we decided to
measure the chemilluminescence in the range of 300-340nm
using a monochrometer.

Figure. 4
shell.

・Combustion testing equipment and test model
The testing equipment schematic is illustrated in Fig.4,
and an external view is shown in Fig.5. The test model used
in the experiment was a 1:1 scale pre-mixture combustor
which was developed for use in a 1700°C-class gas turbine.
An explanation of the test combustor is shown in Fig.6. The
combustor was configured with a flame-holding pilot nozzle
on the center axis and eight main premixing nozzles arranged
around the pilot nozzle. The natural gas used for fuel was
supplied by two systems, one for the main nozzles and the
other for the pilot nozzle. The combustor was mounted with
optical probes at seven different locations (P1 to P7 shown in
Fig.6) proceeding downstream so that the discrete heat
release rate distribution could be obtained based on the
intensity of the chemiluminescence obtained at each
measurement point. A pressure sensor was mounted at the
pressure measurement location shown in Fig.6, and the

Structure of equipment in the high-pressure test

Figure. 5
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External view of testing equipment.

Figure. 6

Before and after the combustion test, each probes and
devices are calibrated with reference light source so that the
same output can be obtained for the same intensity light
emission at all measurement points. One problem is the
measurement error caused by a reduction of the intensity of
received light due to the accumulation of debris on the
optical window during the combustion test. However, it is
possible to estimate this decrease of the intensity of received
light from calibration test results. For this test, it confirmed
that the measurement error is about 23%, and the relative
relation does not change for each measurement point even if
the error is considered as maximum.

Explanation of test sample combustor.

Table 2

・Measuring equipment
The main components of the chemiluminescence
measuring equipment are described in Table 2, and the
structure is illustrated in Fig.7. The optical probes and optical
fiber were contained in a water-cooled probe protection tube
so that they were isolated from the high-temperature and
pressure environment inside the combustion chamber. The
optical probes mounted on the surface of the combustor wall
collected the light emitted from the flame. Each probe has a
built-in lens designed to integrate only the light on the same
axial location as the probe(Φ 7 mm). We used the similar
devices described in Seo [14] and Zimmer [15] as a reference
to understand the basic structure of the systems. The
reduction of collection efficiency is suppressed to
approximately 5% in the a radial direction of combustor. The
collected light was transmitted to the detector via the optical
fiber, and only the 300-to-340-nm wavelength light was
extracted by the dichroic mirror and optical filter. The
intensity of the detected light was converted to a voltage
signal, amplified, and then recorded by the data logger at a
50-kHz. The frequency of combustion oscillation which
occurred in this study is of the order of several hundred Hz,
whereas this system has sufficient resolution up to the order
of kHz.

Figure. 7

Main components of equipment.

RESULTS
・Heat release rate distribution
Fig.8 shows the distribution of the dimensionless heat
release rate of flame in the axial direction. The indicated heat
release rate is the average value of the signal intensity
acquired during 20 seconds. The heat release rate distribution
was obtained by plotting the average values in the axial
direction. The values on the vertical axis were normalized by
the maximum value of the heat release rate. The figure also
illustrates the LES results calculated under the same
conditions as experiments. For the simulation, we used the
ANSYS Fluent (ver. 15.0) computational fluid dynamics
(CFD) software with the Smagorinsky Lilly SGS model for
LES and the Flamelet Generated Manifold (FGM)for
combustion modelling (Oijen et al [16]). The fuel used for

Structure of chemiluminescence
measurement equipment.
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90°, the Rayleigh index takes a positive value. By mapping
the obtained Rayleigh index values in the axial direction, the
section that drives the combustion oscillation can be identify
from the measurement.
Fig.9 shows a) the dimensionless heat release rate
distribution, b) the dimensionless heat release rate fluctuation
distribution for the combustion oscillation frequency, c) the
dimensionless Rayleigh index, d) the phase difference
between the pressure fluctuation and the heat release
fluctuation, and e) a comparison of the dimensionless
pressure fluctuation level and the dimensionless crosssectional Rayleigh index. The values on the horizontal axes
were normalized using the combustor diameter, while the
values on the vertical axes, were normalized using their
respective maximum time averaged values.
The heat release rate distribution (Fig.9-a)) shows no
difference between the stable and unstable combustion
conditions, indicating that there is no correlation between the
average heat release rate and combustion oscillation. In
comparison, the heat release rate fluctuation (Fig.9-b)) is
larger over the entire combustor area for unstable condition.
In addition, the local Rayleigh index (Fig.9-c)) is also larger
over the entire area for the unstable condition. To confirm
the validity of the experiment results of combustion stability,
we compared the combustor's cross-sectional Rayleigh index
with the peak level of pressure fluctuation. The crosssectional Rayleigh index was obtained by integrating the
local Rayleigh index in the axial direction. As shown in
Fig.9-e), the cross-sectional Rayleigh index has a
approximately proportional relationship with the pressure
fluctuation level which indicates the degree of combustion
oscillation; thus, we determined that the absolute value of the
Rayleigh index can be used to analyze combustion
oscillation. The source of the combustion oscillation is
suspected to be located near the probe P3 where the local
Rayleigh index is the largest.

the analysis is natural gas with the same composition as the
combustion test. FGM tables were generated using the GRI
3.0 reaction mechanism.
The measurement results show a sharp rise in the heat
release rate between probes P3 and P4, followed by a sudden
fall at the probes P5. This indicates that a large amount of
heat is released locally near the probe P4.
Similarly, the analysis results show a peak of heat
release near probe P4. The heat release distribution obtained
from the analysis approximately coincides with the
measurements. Based on these results, we can infer that LES
with FGM combustion model can approximately predict the
heat release rate distribution inside the combustor.

Figure.8

・Phase relationship between heat release fluctuation and
pressure fluctuation
Comparison of the heat release rate fluctuation (Fig.9(b)) and Rayleigh index distribution (Fig.9-(c)) shows a
difference in the distribution shape and in the location of
maximum value. This indicates that the increase in the
Rayleigh index at probe P3 is attributed primarily to the
phase rather than the heat release fluctuation. Actually, the
phase difference between the heat release fluctuation and
pressure fluctuation shown in Fig.9-d) can be explained as
follows.
For stable operation, the phase difference is almost
constant for upstream probes P1 through P4 and changes
linearly for probes P4 through P7. By contrast, the phase
difference for the condition with combustion oscillation
approaches 45 degrees for probes P2 and P3, and moves
towards 90 degrees at the probe P4. And it changes linearly
just as in the stable case from probe P4 to P7. This suggests
that the change in the phase relationship at probe P2 and P3
may be the trigger of the combustion oscillation.
The linear change in the phase after the probe P4 can be

Dimensionless heat release rate distribution

・Rayleigh index
To determine the driving force behind the combustion
oscillation, we conducted experiments under two conditions :
1)stable combustion condition and 2)unstable combustion
condition.
We analyzed combustion stability using the local
Rayleigh index. The Rayleigh index was calculated using
equation (2).
𝑅𝑅 = ∫𝑇𝑇 𝑝𝑝′(𝑡𝑡) ∙ 𝑞𝑞′(𝑡𝑡)𝑑𝑑𝑑𝑑

(2)

A positive Rayleigh index value indicates unstable
combustion while a negative Rayleigh index value indicates
stable combustion. When the phase angle between the
pressure fluctuation and heat release fluctuation is within
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explained if the delay in the heat release rate fluctuation is
affected by the advection time of the main premixed gas to the
flame surface.
The phase difference can be expressed by the equation
(3) if the delay in heat release rate fluctuation is caused due
to flow rate of premixed gas from the main fuel hole to the
flame surface (Isono et al [17]). Phase difference calculated
by the equation (3) is shown in Fig.9-d) as (3).

θ = −2πfτ = −2πf

( x + L) (3)
vave

The gradient of the phase after probe P4 calculated by
equation (3) roughly corresponds with the measurements,
and it has been confirmed that the flow rate of main
premixed gas is the dominant factor in determining the phase
difference for the downstream side. On the other hand, the
peculiar phase distribution measured at probes P1 through P4
cannot be explained solely based on advection time of the
main premixed gas, and we believe that there are other
attributing factors such as local reverse flow or effect of
advection time of the pilot fuel. (Innocenti et al [18]).

CONCLUSIONS
Our research focused on the measurement of the heat
release rate distribution inside the combustor under high
temperatures and pressure condition equal to those in actual
engine by using optical probes. Our aim was gaining an
understanding of unsteady phenomena that occur during
combustion. We also compared the measurements and the
LES results to verify our combustion model. In addition, we
analyzed the combustion stability using the Rayleigh index.
Our research provided the following results.





Installation of optical probes at multiple points allows
for the measurement of the heat release distribution
inside a combustor under high temperatures and
pressures equivalent to those in the actual engine.
We confirmed that the heat release rate distribution
obtained from the LES with FGM combustion model
approximately coincides with the measurements.
We were able to identify the areas where pressure
fluctuations and heat release rate fluctuations have an
amplifying effect in the combustor using local Rayleigh
criteria.

Using the knowledge obtained in this research, we will
further develop the 1700°C-class gas turbine combustor.
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Figure 9 a) the dimensionless heat release rate fluctuation,
b) the dimensionless heat release rate fluctuation distribution,
c) the dimensionless local Rayleigh index, d) the phase
difference between the heat release fluctuation and the
pressure fluctuation, e) the dimensionless pressure
fluctuation level vs. dimensionless cross-sectional Rayleigh
index
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