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Development of Key Technologies
for an Ultra-high-temperature Gas Turbine
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Gas-turbine combined-cycle power generation is expected to lead to a long-term extension of
power-generation markets by providing the world’s cleanest and most economic thermal power
plants, with renewable energy and nuclear power generation working in a harmonious
relationship. In order to pursue much higher efficiency, a national project is under way to support
the development of key technologies that will be applied for a 1,700°C-class gas turbine. Some of
the latest technologies developed for this project have been promptly applied to the world’s first
1,600°C-class J-type gas turbine. This paper describes the current status of these projects, and
includes a description of some technologies aimed at future applications for the next generation of
gas turbines.

|1. Introduction
Gas-turbine combined-cycle (GTCC) power generation contributes towards reducing both
fuel consumption and emissions, with the aim of creating the world’s cleanest power plants that
consume fossil fuels. From a social and economical standpoint, GTCC power generation is being
developed based on the following expectations.
(1) The long-term world markets for GTCC power generation are forecasted to grow.
(2) In developing countries, a great demand exists for GTCC power generation since the systems
require only a short construction period and will produce a stable supply of electricity to
develop an electric infrastructure.
(3) In developed countries, a need exists for highly efficient power generation to further enhance
their economic efficiency and the adaptability to the environment.
(4) The superior load-absorbing capability of GTCC power generation can be further expected
by considering the growth of renewable energy and its optimal combination with
nuclear-energy power generation.
Mitsubishi Heavy Industries, Ltd., (MHI) has engaged in developing a 1,700°C-class gas
turbine as part of a national project to improve energy efficiency. In this paper, we will present
some key technologies developed for this project, and include future applications for the next
generation of gas turbines.

|2. Key Technologies of Ultra-high-temperature Gas Turbines
2.1

Numerical simulation technology to support low NOx combustor development

In designing a 1,700°C-class gas turbine, it is essential to develop technologies to reduce
nitrogen oxide (NOx) emissions, which exponentially increase with the combustion temperature.
The adoption of an exhaust gas recirculaion (EGR) system has been studied to avoid such an
increase.
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Figure 1 shows a cross-sectional view of the 1,700°C-class gas turbine combustor that is
being developed. At the same time, a non-EGR combustor was adopted for a 1,600°C-class J-type
gas turbine so that low NOx technology with better performance than conventional systems could
be used. In this section, we discuss the simulation technology used to predict unsteady velocity,
fuel concentration, and temperature distributions in the combustor. This is a key technology that
can be applied to other combustors commonly.
Figure 2 shows an example of an analytical grid used for large-scale simulations of a
combustor. Figure 3 compares fluctuating velocity component distributions obtained from a
large-eddy simulation (LES) analysis and particle image velocimetry (PIV) measurements. The
analysis was conducted using the grid shown in Figure 2, while the measurements consist of
experimental fluctuating velocity component data. The LES analysis showed well-resolved highly
turbulent regions, especially shear regions that significantly affect the flame speed and heat release.

Figure 2 Analytical grid for large-scale
combustor simulation

Figure 1 Cross-section of the 1,700°C-class gas
turbine combustor

Figure 3 Comparison of the measured and simulated fluctuating velocity components
in a combustor

Figure 4 shows improved prediction accuracy made by an LES analysis compared with
conventional Reynolds-averaged Navier–Stokes (RANS) simulations. The experiment data shown
in the figure were measured by PIV. Figure 4(a) compares the time-averaged axial velocity at a
swirler exit location. Differences between the two analyses can be seen around the central position
of R/R0 = 0. The conventional RANS calculations showed a relatively flat distribution; in contrast,
the LES analysis predicted a peak distribution for the axial velocity, providing a more accurate
simulation of the features of actual flow fields. Figure 4(b) shows the root mean square (RMS)
values of the fluctuating velocity components. Again, the LES analysis predicted the features of the
actual distribution well.

Mitsubishi Heavy Industries Technical Review Vol. 48 No. 3 (September 2011)
3

Figure 4 Improved prediction of the flow inside a combustor using LES

Figure 5 Instantaneous fuel concentration and gas temperature distributions in the
combustion field obtained from LES analysis

Figure 5 shows the instantaneous distribution of the fuel concentration and gas temperature
in the combustion field of a 1,700°C-class gas turbine obtained from an LES analysis.
Conventional design was intended to keep the spatial fuel concentration in the combustion field
uniform by optimizing the shape of the fuel concentration that was confirmed by planar
laser-induced fluorescence (PLIF) measurements. However, in an ultra-high-temperature gas
turbine, it is also essential to keep the temporal fuel concentration uniform. There are several
important points illustrated in this figure. The instantaneous distribution of the unburnt fuel
components, shown in Figure 5(a), is an important parameter for controlling the local heat release
amount. In addition, the instantaneous distribution of the flame temperature, shown in Figure 5(b),
indicates the gas temperature in the vicinity of the endwall, for example, which is a crucial
parameter for evaluating the reliability of long-term operations under ultra-high-temperature
conditions. Because the flame length and resident time in the combustion affects the NOx and CO
emissions during both of full-load and partial-load operations, the flame length must be considered
when determining the basic structure of the combustor. The degree of turbulence and the length
scale of fuel-gas flames are both key indicators for controlling the mixing conditions required for
stable combustion with low emission. The degree of turbulence is generally considered to be one of
the factors that determine the turbulent flame speed.
A combustion test was conducted using the combustor under development to demonstrate the
effective application of these simulation technologies. Based on the current idea that an EGR
system will be applied to the 1,700°C-class gas turbine combustor, CO and NOx data were
measured while the oxygen concentration at the combustion outlet was changed. The measured
emissions data showed that a CO concentration under 10 ppm and a NOx concentration under 25
ppm could be realized with stable combustor operations, as shown in Figure 6.
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Figure 6

2.2

CO and NOx emissions measured for the 1,700°C-class gas turbine combustor

Advanced cooling technology to ensure reliability

The blade and vane of an ultra-high-temperature gas turbine are exposed to very high thermal
loads and stresses. To ensure reliability without sacrificing cycle performance, high cooling
efficiency using the minimum amount of cooling air must be achieved. Furthermore, any hot spots
caused by inadequate distribution of the film-cooling air on the surface of the turbine blade may
develop into fatal faults. Here, we describe tests in which the film-cooling efficiency was examined
using a rotational test apparatus.
Figure 7 shows a schematic diagram of the rotational test apparatus. The film-cooling
efficiency could be measured under the influence of three-dimensional blade-vane interactions
based on a similarity condition and a velocity triangle in an actual turbine. The measurements were
conducted using a pressure-sensitive paint. High-temperature gas and cooling air in the actual
turbine were simulated by air for a main flow path and by nitrogen gas from a secondary air
system, respectively, in the experimental apparatus. The oxygen concentration distributions on the
surface were varied using the nitrogen ejected from the film-cooling holes, and quantified by means
of image processing. A previous paper reported the film-cooling efficiency on the surface of the
platform. In this paper, we describe the film cooling at the surface of the end of the blade tip.

Figure 7 Schematic diagram of Figure 8
Measured streamlines and film-cooling
efficiency at the surface of the blade tip
the rotational test system

Figure 8(a) shows a blade model used to measure the film-cooling efficiency distribution.
The tip portion of the blade was coated with pressure-sensitive paint. The flow conditions in the tip
clearances between blades were quite complex: the flow field was determined by the size of the
clearance, the spatial loads, and the pressure distribution of the tip cross-sections. Figure 8(b)
shows the streamlines in the vicinity of the surface of the end of the blade predicted by
computational fluid dynamics (CFD). In the tip clearance flow field, the flow turning from the
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pressure surface formed a narrow band of separation bubbles, and then a reattached streamline
along the pressure gradient. Figure 8(c) shows the film-cooling efficiency of the tip cross-section
for a conventional film, and Figure 8(d) shows an image obtained using a shaped film under the
same working conditions. The shaped film had a higher film-cooling efficiency, which was
confirmed by data obtained for the blade surface.
Figure 9 shows the evaluation of the effect of cooling efficiency under various flow rates of
the cooling air for the first-stage vane. This was measured using a high-speed cascade test with the
condition of the Reynolds number of the actual turbine.

Figure 9 Effect on film-cooling efficiency of reducing the air flow rate at the leading
edge of the first-stage vane

In a high-temperature gas turbine, the leading edge of the first-stage vane has one of the
highest thermal loads. In recent years, a showerhead cooling system in which multiple rows of film
holes are placed along the leading edge has been adopted for the first-stage vane of
high-temperature air-cooled gas turbines. Because showerhead cooling requires a number of film
holes and consumes a large quantity of air for cooling, a reduction in the cooling air flow rate is
important both to ensure sufficient air flow for combustion and to improve the cycle performance.
However, quantitatively predicting how much of the cooling air can be reduced is difficult because
of the high sensitivity of the calculations to gas turbulence from the combustor and the large
curvature around the leading edge of the vane. The effect of a 10% reduction of the cooling air flow
rate relative to the reference flow rate was measured and found to result in a decrease in the cooling
efficiency of as high as 10–30%. These data were used to determine the minimum required cooling
air flow rate at the operation condition.

2.3

Aerodynamic technology to support a high-temperature high-performance
design

In an ultra-high-temperature gas turbine, advanced aerodynamic technology is needed not
only to improve the aerodynamic efficiency but also to reduce the heat flux in the turbine vanes and
blades. Here, we present initial part of our efforts towards improving the aerodynamic efficiency of
the first-stage blade while reducing the heat flux loaded to the blade.
Figure 10 shows the total pressure loss coefficients and thermal load reductions for three
different platform shapes as evaluated by means of flow simulation. Shapes 1 and 2 are the
standard shapes applied in conventional gas turbines, while shape 3 is a relatively new design in
which an advanced three-dimensional endwall is adopted. Using shape 1 as a reference, shape 2
gave higher values for the total pressure coefficient while shape 3 gave lower values. The platforms
of shapes 2 and 3 had slightly higher values for the heat input, but the profile portion of shape 3
had much lower heat flux values. These results demonstrate the possibility that aerodynamic
performance can be improved while simultaneously reducing the heat input by applying the latest
three-dimensional design methodology.
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Figure 10 Total pressure loss coefficients and heat integrated flux into the first-stage blade,
obtained from a three-dimensional simulation

Figure 11 (upper) Cooling effect of seal air and (middle) heat input for the platform surface of
the first-stage blade; (lower) heat input to the suction surface of the first-stage blade

To investigate which phenomena of flow field affect the simulation results, we examined the
heat input distribution on the platform and blade surfaces, as shown in Figure 11. First, the cooling
effect on the platform surface of seal air entrained from the blade-vane cavity positioned upstream
of the first-stage blade is shown in the top of Figure 11. Under the working conditions and seal-air
boundary conditions, the cooling effects of seal air around the leading edge differed significantly
compared with shape 1 as a reference. The heat input loaded to the platform surface, shown in the
middle of Figure 11, was strongly affected by the seal air cooling effects (see dotted circle in the
middle). In contrast, the heat input to the rear portion of the mid-chord of shape 3 increased
slightly, which caused a slight increase in the integrated heat input for the shape 3 platform surface
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compared with shape 1 (see Figure 10). A comparison of the heat input on the suction surface of
the blades is shown in the bottom of Figure 11. The hub-side portion of the blade for shapes 2 and
3, where a secondary flow was present, had less heat input compared to that of shape 1.
Cascade tests are currently being conducted to verify these simulation results and evaluate
the phenomena in detail.

2.4

Developmental roadmap for an ultra-high-temperature gas turbine

Table 1 shows a roadmap for developing an ultra-high-temperature 1,700°C-class gas
turbine. We are now working on the second step, which enhances feasibility for practical
application of key development technologies. Then, we plan to proceed another step of developing
state-of-the-art component technologies aiming for much higher efficiency, i.e., a combined
efficiency of 62–65% based on the lower heating value.
Table 1 Development roadmap for an ultra-high-temperature gas turbine

The world’s first 1,600°C-class J-type gas turbine has already been developed by compiling
the proven component technologies for 1,400°C-class F-type and 1,500°C-class G- and H-type gas
turbines, as well as by introducing the latest practical technologies which were developed in the
national project (i.e., thermal barrier coatings). The first M501 J-type gas turbine completed its trial
operations successfully in the combined cycle power-generation facilities at MHI Takasago
Machinery Works, attaining the world’s highest thermal efficiency of 61%.

2.5

Effect of CO2 reduction of the latest combined-cycle power generation gas
turbines

When a 1,700°C-class gas turbine is put into practical use as a combined-cycle
power-generation facility, the efficiency will surpass 62%, representing an extensive improvement
compared with conventional thermal power generation. For example, assuming that the thermal
efficiency of a 1,250 MW coal-fired thermal power-generation facility is 44% on a lower heating
value basis, the CO2 emissions per year are 8.53 megatons. When coal-fired thermal power
generation is replaced with natural gas-fired 1,700°C-class GTCC power generation, the CO2
emissions per year will be 3.24 megatons, representing a 62% reduction. Since this reduction
corresponds to 0.4% of Japan’s total CO2 emissions of 1.34 billion tons in 2006, this is a significant
amount that will have a great influence in our country, which has set a high CO2 reduction target.
In addition, considering that the CO2 emissions of Japan are only slightly less than 5% of the total
world emissions, extending the state-of-the-art GTCC power generation technology worldwide can
provide a large contribution toward solving global environmental problems.
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|3. Conclusion
The development of technologies for a 1,700°C-class gas turbine has been ongoing. This
includes component technology development from 2004 to 2007, followed by the step of enhancing
practical applicability of the technology in a four-year program spanning from 2008 to 2011. This
paper describes some of the research and development work underway, and is part of the
“Advanced Technology Development Project for Efficient Energy Application” supported by the
Ministry of Economy, Trade, and Industry, Japan. The technology development started with basic
element tests at a laboratory. Now, module tests simulating conditions that are closer to actual
operations are progressing, incorporating the newly developed technologies. Through technological
study and verification, state-of-the-art technologies that provide practical performance and
reliability improvements were immediately applied to the design of a new 1,600°C-class J-type gas
turbine, and the first engine successfully completed its trial operations recently. We believe that we
can contribute to reducing CO2 emissions by introducing our state-of-the art GTCC power
generation technology throughout the world.

