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Consumption of fossil and renewable fuels accounts a 
large share of current energy utilization, and it will 
remain dominant for the foreseeable future. However, 
the combustion of the fossil and renewable fuels is 
considered the primary reason of the emissions of such 
as CO2, NOx and soot, making it a significant issue at the 
center of the climate change debate. Therefore, various 
new combustion technologies are being developed to 
meet increasingly stringent regulations, in which 
multiple streams injection strategies, for instance, 
multiple fuel injection direct injection engines (1), oxy-
fuel integrated coal gasification combined cycle (2, 3), and 
secondary air introduced gas turbine (4) and so on, have 
attracted significant attention. These new technologies 
introduce new challenges in the design process of the 
systems. Numerical simulations are no doubt a powerful 
tool that can be utilized to help address these challenges, 
as well as obtain a deep insight into the combustion 
fundamentals. 

In terms of combustion numerical simulation, 
flamelet-based models have demonstrated quite 
promising potential in recent years (5–8), owing to its 
simplicity and great improvements over the fast 
chemistry assumption (9); it enables the use of detailed 

chemical mechanisms and can also reduce the 
computational cost by storing flamelet states prior to 
simulation (10). The classical laminar flamelet model was 
derived by Peters (11, 12), and then formulated as the 
flamelet progress-variable (FPV) approach by Pierce and 
Moin (13, 14), and it is still being developed. However, the 
conventional one-dimensional flamelet model is unable 
to describe the aforementioned multi-stream system 
since a more than one mixture-fraction-space exist. So, 
flamelet models remedies have been proposed and 
proved reliable (15-24). The nature of these models is that 
more dimensions are required in the flamelet library 
compared with one-dimensional case, especially the 
covariance of mixture fractions is important when a 
bivariate Beta distribution is used (25); this even makes 
these models unattractive when more than three streams 
exist. So, for the more complicated cases in which three 
or more than three streams introduced, finding an 
effective model is necessary. In this work, a model 
simplified based on the above mentions mutli-mixture-
fraction models has been proposed and tested by a priori 
investigation. 
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Numerical Study of Unsteady Effect of Blade Row Interaction 
in a Transonic Centrifugal Compressor 

 

 *1    *1    *2 
KUBO Kosuke     YAMADA Kazutoyo   IWAKIRI Kenichiro  

 
ABSTRACT 

This paper discusses the unsteady effects associated with the impeller/diffuser interaction on the internal flow field and 
aerodynamic performance of a centrifugal compressor. In centrifugal compressors with a vaned diffuser, the flow field is 
inherently unsteady due to the influence of interaction between the impeller and the diffuser, and the unsteadiness of the flow 
field can often have a great influence on the aerodynamic performance of the compressor. In this study, numerical simulations 
have been conducted for a transonic centrifugal compressor with a vaned diffuser. The unsteady effects were clarified by 
comparing the numerical results between a single-passage steady-state RANS analysis and a full annulus unsteady RANS 
analysis. The numerical results showed the unsteadiness of the internal flow field due to the impeller/diffuser interaction 
causes separation on the diffuser pressure surface, leading to loss. 
 

CFD  
Key Words: Centrifugal Compressor, CFD, Efficiency, Blade Row Interaction, Unsteady Effect 
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Fig.3 Computational mesh for single passage steady simulation 
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Prediction of dynamic response of axial compressor 
of industrial gas turbine 

*1 *2 *2

KOIKE Yuji        KISHI Makoto TAKAKI Kazushige 

ABSTRACT 
Owing to the spread of renewable energy, gas turbine engine has a role to compensate grid energy. In such operation, 

prediction of dynamic state of gas turbine component is important. This paper investigates the dynamic behavior of heavy-
duty gas turbine engine. Simulation model constitutes of compressor, turbine, combustion chamber, duct, ang bleed 
component. Especially, compressor model is divided into four parts by bleed port. Start-up and shutdown simulation are 
carried out to validate the simulation model. Simulation results shows that in rapid shutdown case the operating line pass 
through more high pressure point and load of rear stage of compressor grows temporary. 

Key Words: Gas Turbine, compressor, load change, dynamic simulation 
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Fig. 1  Schematic of dynamic simulation model 
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Table1 Specifications of gas turbine engine compressor 
 3600RPM 

IGV+ VV 
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Fig.7 Exit pressure of compressor block stage 
( a)Block1 exit b)Block2 exit, c)Block3 exit) 

Fig.8 Surge margin of compressor block (2,3,4) 
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Fig.11 Comparison of pressure coefficient  
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Figure 4

Figure1.Cross sectional view of multi-stage axial compressor.

Figure 2. Limiting streamline and reversed flow region of 
stator vane under low speed condition.

Figure 3. Characteristic dimension and Reynolds number of 
living organism.

Figure 4. Geometry of humpback whale flippers.

Figure 5
Figure 6 Figure 7

Table 2
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Table 2. Simulation conditions.

Figure 5. Definition of vane L.E. geometry.

Figure 6. Geometry of simulation cases.

Figure 7. Computational grid.

Figure 8

= Ptout Ptin
Ptin PSin          (1)
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Figure 8. Loss coefficient of stator vane 
(Effect of wave amplitude).

Figure 9

Figure 9. Loss coefficient of stator vane 
(Effect of wave length).

Figure 10. Reversed flow area near vane suction surface
[ - base = 3.0 degree] .

Figure 10

Figure 11
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Figure 11. Distribution of loss coefficient.
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TDLAS

Evaluation of Equivalence Ratio Fluctuation by Near-Infrared TDLAS
for Achieving Stable Combustion

*1 *1 *1 *1 *1 *1

MIYAZAKI Koji  KONDO Akio  TAMURA Issei  KISHIMOTO Akihiro  ISONO Mitsunori  SAITO Toshihiko

ABSTRACT
A fast-response (10 kHz) near-infrared diode laser absorption spectroscopy (TDLAS) system has been developed for real-

time equivalent ratio (methane concentration) measurement in a gas turbine model combustor. CH4 absorption of 2 3 band 
(1.65 m) is used, and the absorption line is not interfered by the absorption of other species in the air. Wavelength modulation 
spectroscopy and second harmonic detection (2f-WMS) were applied to improve the sensitivity and accuracy of the sensor. 
The developed instrument was calibrated in a static gas cell by measuring a mixture of CH4 and N2, and a measurement 
resolution of 1 ppm m (10 kHz) of methane concentration was obtained. The fast response of CH4 detection is used to 
characterize the equivalence ratio fluctuation in a gas turbine model combustor when air flow is acoustically forced and 
modulated by the siren.  

TDLAS
Key Words: Gas Turbine Combustor, Combustion Oscillation, Equivalence Ratio, TDLAS, Laser Absorption Spectroscopy
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Fig. 1 Calculated CH4 absorption cross section at 298K, 
0.1MPa. 
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Fig. 2  Schematic diagram of CH4 detection by 2f-WMS 
method.

Fig. 3  Schematic diagram of developed 2f-WMS TDLAS 
system.
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Fig. 4  Experimental setup. 
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SOFC-GT

Starting Test of SOFC-GT Combined Cycle Engine

*1 *1 *1 *1  *1

KOJIMA Takayuki TAGASHIRA Takeshi OKAI Keiichi KOBAYASHI Hiroshi NISHIZAWA Akira

ABSTRACT
For the reduction of CO2 emission of the aircraft, research and development of the emission free aircraft is conducted in 

JAXA. The aircraft uses the electric propulsion systems of which electrical power is generated by the SOFC-gas turbine 
hybrid system. To realize the hybrid system, starting test of the small scale SOFC-gas turbine engine was carried out. 
Combined cycle engine with 1500W planar type SOFC and two-spool 10kW gas turbine engine is fabricated. Control of 
SOFC pressure was carried out during engine start. 

, , SOFC
Key Words: Jet Engine, Hybrid, Electric Propulsion, SOFC

McKensey
Hydrogen Powered Aviation

(1)

ZEROe
(2) JAXA

Fig. 1

Fig. 2

SOFC GT
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(3)

SOFC-GT

Fig. 1 Emission Free Aircraft Concept and Key Technology

Fig. 2 Electrical Propulsion System of Emission Free Aircraft

Fig. 3
Fig. 4
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GT SOFC
GT SOFC

SOFC GT

100
SOFC 700

Fig. 3 Overview of SOFC-GT Combined Cycle Engine Test 
Model

Fig. 4 Flow Diagram of SOFC-GT Combined Cycle Engine 
Test Model

SOFC
SOFC SOFC

Fig. 5(a) GT SOFC
Fig. 5 (b)

SOFC 1

SOFC

SOFC

SOFC

Table 1

(a) SOFC Mode  (b) Combined Cycle Mode
Fig. 5 SOFC Operation Mode

Table 1 Specification of SOFC-GT Combined Cycle Engine

Gas Turbine (Design Point)

Total Length 685.3 mm
Fuel Kerosene
High Pressure Stage
Design Pressure Ratio 2.7
Compressor Inlet Diameter 50 mm 
Turbine Inlet Diameter 66.4 mm 
Rotational Speed (HPC, HPT) 126,000 rpm 
Low Pressure Stage
Turbine Inlet Diameter 85 mm 
Rotational Speed (GEN, LPT) 30,000 rpm
Generator Power 10 kW 

SOFC (Design Point)

Fuel Hydrogen

Number of Cell 40
Operation temperature 700

Power 1.5 kW

GT Fig. 6
GT JAXA 2
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SOFC

Fig. 6 Gas Turbine Test Model

Fig. 7 SOFC Exhaust Gas Nozzle

Fig. 7

2.7atm SOFC
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700

Fig. 8 Overview of SOFC in the Chamber

Fig. 9

Fig. 10
Fig. 11
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Fig. 8 Temperature of SOFC Stack and SOFC Chamber

Fig. 9 History of Power generated by Generator and SOFC

Fig. 10 History of Engine Rotational Speed

SOFC

SOFC SOFC
SOFC

SOFC
SOFC

SOFC

SOFC
Fig.11 SOFC

5kPa SOFC

Fig. 11 History of SOFC Pressure during Engine Starting

SOFC-GT

SOFC SOFC

SOFC 5kPa

(1) https://www.eraa.org/policy/overview-and-news/webinar-h2-
powered-aviation

(2) https://www.airbus.com/newsroom/press-
releases/en/2020/09/airbus-reveals-new-zeroemission-concept-
aircraft.html

(3)
Vol. 49, No. 

1 (2021). 
(4) , , JAXA

JAXA 2014,

http://www.aero.jaxa.jp/news/event/pdf/event140918/pos
ter01.pdf ( 2021 8 20 ).

(5) HP, https://www.magnex.co.jp/stack.html(
2021 8 20 ).

(a) SOFC
Mode

(b) Combined Cycle
Mode

(a) SOFC
Mode
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NOx  
 

Heat and Power Supply Demonstration  
Applying Hydrogen Dry Low NOx Combustion Technology 

 

*1   *1   *1   *1   *1 
HORIKAWA Atsushi  YAMAGUCHI Masato   OGINO Tomoyuki   ASHIKAGA Mitsugu   AOKI Shigeki   

 
ABSTRACT 

Kawasaki Heavy Industries, LTD. has research and development projects for a future hydrogen society. Within the 
development of the hydrogen gas turbine, the key technology is stable and low NOx hydrogen combustion, namely the Dry 
Low NOx (DLN) hydrogen combustion. KHI, Aachen University of Applied Science, and B&B-AGEMA have investigated 
the possibility of low NOx micro-mix hydrogen combustion and its application to an industrial gas turbine combustor. 

From September 2020, KHI started the heat and power supply demonstration operation by using micro-mix hydrogen 
combustion technology in the hydrogen-fueled gas turbine co-generation power plant in Kobe City, Japan. Through the 
demonstration period, from September 2020 to January 2021, power output reached to 1800kW, NOx emissions were 60 ppm 
(O2-16%, 60 RH%) , and equivalent operation hours became 1040 hours . And gas turbine efficiency was improved about 1 
point comparing with water injection NOx reduction method. 
 

NOx  
Key Words: Gas Turbine, Hydrogen, Co-Generation, NOx, Efficiency 
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NOx
 

 
 
 
 
 
 
 
 
 
Fig.1 Pictures of hydrogen dry low NOx “micro-mix” 

combustor (left) and hydrogen flame (right) 
 
 
 
 
 
 
 
 
 
Fig.2 Picture of hydrogen fueled gas turbine co-generation 
     power plant (1MW class gas turbine package, HRSG) 
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     E-mail:horikawa_a@khi.co.jp 
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Fig. 3 Hydrogen supply in the engine start-up and power 
generation conditions (5) 
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Fig. 4 Time series data on 29th September, 2020: grid connection 
and loading test

Fig. 5 Time series data on 30th September, 2020: load cutoff test
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 3

Fig. 6 Time series data on 5th October, 2020: environmental 
measurement test 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Certification sheet of exhaust gas inspection,  

on 6th October, 2020 
 

Fig. 8 11 4
NOx

Fig. 9
1700kW NOx 55ppm

16% 60%  

Fig. 10 1 18
100% -1800kW NOx

60ppm 16% 60%
NOx
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Fig. 8 Time series data on 4th November, 2020: heat and power 

supply test 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Picture of control monitor at 100% hydrogen, heat and 
power supply operation on 4th November, 2020 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Time series data on 18th January, 2021: maximum power 

output 1800kW 
 

Fig. 11 1 18
100%
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 4

RMS 3kPa Fig. 12
NOx

 
 
 
 
 
 
 
 
 

a) 0%Load - 0kW 
 
 
 
 
 
 
 
 

b) About 55%Load – 1000kW 
 
 
 
 
 
 
 
 

c) 100%Load – 1800kW 
Fig. 11 Combustion oscillation frequency and pressure 

amplitude in the heat and power supply test 
on 18th January, 2021 

 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Micro-mix burner module after engine demonstration 

 tests 

2021 1 NEDO

NOx

2020 10 2021 1
55 254

800 9
1040  

 
Table 1 Summary of engine demonstration 

Test Period From October, 2020 
to January, 2021 

Number of Engine Starting 55 times 

GT Operation Time 254 hours 

Equivalent Operation Hours 800 hours 

 

NOx
 

 NOx

 
 

 
 2020 11 4 NOx

 
 100% -1800kW NOx
60ppm 16% 60%

27%
 2020 10 2021 1

800 9
1040  

 NOx
 

NEDO

CGS
NOx

(1)   ; 

https://www.meti.go.jp/press/2018/07/20180703001/201807030
01.html ( 2018 7 5 ) 

(2)   ; 

, 
https://www.meti.go.jp/press/2018/03/20190312001/201903120
01.html ( 2019 3 13 ) 

(3) Horikawa, A , et al; Application of Low NOx Micro-Mix 
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 5

Hydrogen Combustion to 2MW Class Industrial Gas Turbine 
Combustor, Proceedings of International Gas Turbine Congress 
2019, Toyko, IGTC-2019-129 

(4) NEDO News Release 
NOx , 
https://www.nedo.go.jp/news/press/AA5_101337.html (

2020 7 21 ) 
(5) ; 2MW NOx

, 48
, A-11, (2020) 

(6) Horikawa, A., et al; Combustor Development and Engine 
Demonstration of Micro-Mix Hydrogen Combustion Applied to 
M1A-17 Gas Turbine, Proceedings of ASME Turbo Expo 2021, 
Online, GT2021-59666 

(7) 2MW
NOx

Vol. 49 No. 4 (2021), pp. 70-79. 
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49 2021.10

A-17

Differential Pressure Estimation for Gas Turbine Air Intake Filter 
with Consideration of Atmospheric Environment

*1 *1 *1

OZEKI Takayuki     MATSUI Yohei     FUJII Tomoharu 

ABSTRACT
In gas turbines, many air intake filters are installed to prevent damage and deterioration of the compressor due to suction 

of dust in the atmosphere. For reducing the cost of replacing these filters, it is necessary to estimate the increase in the 
differential pressure of the filter, which is the reference for replacement. In this study, we described the relationship between 
the differential pressure and the dust collection amount of the filter based on the drag theory. Moreover, we proposed a method 
to estimate the dust collection amount of the filter used in atmospheric environmental conditions. The test in which the air 
was continuously ventilated through the filter demonstrated that the dust collection amount estimated by the proposed method 
was in good agreement with the experimental result. Furthermore, the experimental results suggest that the differential 
pressure of the filter can be estimated from the dust collection amount of it. 

Key Words: Gas Turbine, Air Intake Filter, Atmospheric Environment, Differential Pressure Estimation,
Dust Collection Amount
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Table 1 1
2 3

Fig.1 Test equipment for GT air intake filter system

Table 1 Continuous ventilating testing conditions
Case Test period 1 Test period 2 

Testing time
9624 (h) 

(July 2016
April 2019) 

7936 (h) 
(November 2019

December 2020) 

Testing location
Central Research Institute of Electric 

Power Industry (Yokosuka area)
Flow rate 58 m3/min

1st air intake filter Prefilter 
2nd air intake filter Medium efficiency air filter
3rd air intake filter HEPA filter
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HEPA
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1 2016 7 2019 4
2 2019 11 2020 12
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Q 1
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ck 15 5
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1 2

1 2
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3

m
Fig.3 1 2

t
2 1

3
3

1

1

(a) 1st air intake filter

(b) 2nd air intake filter

(c) 3rd air intake filter
Fig.2 Differential pressure of each filter over time in 

continuous ventilation tests 

(a) 1st air intake filter

(b) 2nd air intake filter

(c) 3rd air intake filter
Fig.3 The dust collection amount of each filter over time in 

continuous ventilation tests 
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Fig.5

Fig.5
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PM2.5 2 3
Fig.6

2018
Fig.7 Fig.5 SPM

(a) 1st air intake filter

(b) 2nd air intake filter

(c) 3rd air intake filter
Fig.4 The dust collection amount of each filter over time in 

continuous ventilation tests 

Fig.5 Mass concentration of SPM and PM2.5 during the 
test periods (created based on Atmospheric Environmental 

Regional Observation System (Ministry of the 
Environment of Japan) (https://soramame.env.go.jp/))

Fig.6 Mass concentration average of SPM and PM2.5 for 
the last 3 years before the test period 2 (created based on 

Atmospheric Environmental Regional Observation System
(Ministry of the Environment of Japan) 

(https://soramame.env.go.jp/)) 

Download service for the GTSJ

                           83 / 284

 via 216.73.216.204, 2025/07/04. 

                           83 / 284



6

PM2.5 Fig.7 nk

(9) (21) Fig.4
ck m

Fig.8 2
Fig.6 SPM PM2.5

Fig.7 nk

3 1
ck

m Fig.8
Fig.3

Fig.8 3

Fig.5
m

SPM PM2.5
(9) (21)

3
m

SPM PM2.5
(9) (21)

m

1 Fig.2
Fig.8 m

Fig.9 Fig.9

(8)
pm Fig.9 2

3
(8)

pm m 1
2 p0 1

Fig.7 Average number concentration over the test 
equipment in 2018

(a) 1st air intake filter

(b) 2nd air intake filter

(c) 3rd air intake filter
Fig. 8 Estimation of the dust collection amount of each 

filter in continuous ventilation tests
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Fig.9 The relationship between the differential pressure and 
the dust collection amount of each filter in test period 1

Fig.10 The relationship between the differential pressure and 
the dust collection amount of each filter in test period 2
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Development of the ceramics matrix composites (CMC) which can be used at higher temperature than 
SiC/SiC composites is being advanced. It is expected that oxide/oxide composites bring performance 
improvements of a jet engine. In t
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A-19

SiC SiC

Damage evaluation of SiC/SiC composites using laser holography for vibration 
measurement system

*1  *1 *1

HIROSHIMA Noboru   TANAKA Yoshihisa KAGAWA Yutaka

ABSTRACT
Damage evaluation of SiC fiber reinforced SiC matrix composites after tensile loading-unloading was repeatedly conducted 

using laser holography system for measuring natural vibration frequency. The result showed that this system can detect 
degradation of elastic moduli in its early phases and provide a precise nondestructive testing.

SiC SiC
Key Words: Jet Engine, SiC fiber reinforced SiC matrix composite, Damage evaluation, Nondestructive testing, Tensile test
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49 2021.10

TBC YSZ

Estimation of operating temperature focusing on YSZ-monoclinic phase of TBC
in an in-service gas turbine blade
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49 2021.10 

A-21

(TBC)

Delamination Conditions of Thermal Barrier Coating  
subject to Thermal Cycling under Temperature Gradient  

*1 *1 *1 *1

OKADA Mitsutoshi   KITAZAWA Rumi TAKAHASHI Toshihiko OZEKI Takayuki 

ABSTRACT 
Thermal cycling tests are carried out under temperature gradient using specimens of thermal barrier coating (TBC). After 

the tests, vertical cracks in topcoat grow in the direction of coating thickness, and transverse cracks in topcoat, which lead to
delamination, grow in the vicinity of the interface with bondcoat. Under the condition of 1223K at substrate surface with heat 
flux of 1.39MW/m2, remarkable growth of transverse cracks is observed while the growth is slower at lower temperature 
conditions. The transverse crack growth is evaluated using energy release rate based on Hutchinson’s manner. The energy 
release rate is also calculated for TBC on an in-service blade of F-class gas turbine. The result of a numerical simulation for
temperature distribution of blade is used for the calculation. The conditions for TBC delamination are discussed based on the 
energy release rates in the thermal cycling tests and in the in-service blade.  

Key Words: Gas Turbine, Thermal Barrier Coating, Delamination, Temperature Gradient, Thermal cycling, Life Estimation 
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Fig. 1 Schematic representation of TBC test specimen 

Table 1 Chemical composition of Inconel738LC (wt%) 

Fig. 2 Schematic representation of High heat flux test apparatus 

Fig. 3 Schematic representation of substrate surface 
temperature in thermal cycling test under 
temperature gradient 

Table 2 Test conditions of thermal cycling test under 
temperature gradient
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3
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300cycles  
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(c) 1200cycles 
Fig. 4 Morphologies of cross sections of TBC specimen after the test under test condition 3 

(Substrate surface temperature: 1193K, Heat flux: 1.31MW/m2, Topcoat surface temperature 1623K) 
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4

Fig. 5 Morphologies of cross sections of TBC specimen after the test under test condition 1 
(Substrate surface temperature: 1113K, Heat flux: 1.21MW/m2, Topcoat surface temperature 1503K, 900cycles) 

Fig. 6 Morphologies of cross sections of TBC specimen after the test under test condition 4 
(Substrate surface temperature: 1223K, Heat flux: 1.39MW/m2, Topcoat surface temperature 1673K, 900cycles) 

Fig. 4 3 1193K
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5

(a) Average length of vertical crack                      (b) Maximum length of vertical crack 
Fig. 7 Vertical crack growth in topcoat 

(a) Average length of vertical crack                      (b) Maximum length of vertical crack 
Fig. 8 Transverse crack growth in topcoat 
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Fig. 9 TBC model to analyze transverse crack growth under 
temperature gradient (12)-(14)
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release rate 
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A-22

TBC

Influence of Microstructural Change on Crack Growth in Thermal Barrier 
Coating Subject to Thermal Cycling under Temperature Gradient

*1 *1 *1

KITAZAWA Rumi   OKADA Mitsutoshi OZEKI Takayuki  

ABSTRACT 
The influence of thermally grown oxide (TGO) growing at the topcoat/bondcoat interface in thermal barrier 

coating (TBC) on the crack growth leading to delamination is investigated under the condition of thermal cycling with 
temperature gradient. The stress states in the topcoat of TBC after TGO growth modeling the cooling process of the thermal 
cycling is examined by finite element method (FEM), and it suggests that the TGO thinner than 10 m does not give 
remarkable influence on the stress distribution in topcoat except in the vicinity of the interface. The thermal cycling tests 
under temperature gradient are also carried out using plasma gas stream as a heating source. Before the thermal cycling tests, 
TBC specimens are subject to thermal aging at high temperature in air in order that TGO grows at the interface. TGO thinner 
than 10mm does not give remarkable influence on the crack growth in topcoat.  

FEM  TGO 
Key Words: Gas Turbine, Thermal Barrier Coating, Delamination, Temperature Gradient, Thermal cycling, FEM, TGO 
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A-23

A Study on Development of Supersonic Turbine Stages with High Efficiency 
Aided by Sensitivity Analysis

*1 *2 *3

FUNAZAKI Ken-ichi  ODAJIMA Tatsuya KAWASAKI Satoshi

ABSTRACT
This study deals with an attempt to develop a new methodology for improving aerodynamic efficiency of supersonic 

turbine stages for rocket turbo-pump system. A key technology employed in this study is a sensitivity analysis based on 
ANOVA (Analysis of Variation) decomposition and Sobol’ indices, which is applied to an analysis of the database formerly 
obtained by Namba et al. (1) during the optimization process of turbine blade profiles in a rocket turbo-pump. In this case a 
surrogate model is constructed from the database using Radial Basis Function Network (RNFN) since a huge amount of 
data are necessary to calculate the Sobol’ indices. It is found from the investigation based on the Sobol’s indices that two 
parameters belonging to the 1st rotor and 2nd stator have dominant impacts on total-to-static turbine efficiency, which are the 
ones that control camber lines near the trailing edges. Two and three dimensional flow analyses using a commercial flow 
solver are then executed to elucidate the reason why those two parameters can bring about higher turbine efficiency. 
Furthermore, structural static analyses are made to confirm that there surely appears a trade-off relationship between the 
turbine efficiency and structural soundness.      

Sobol’
Key Words: Rocket, Supersonic Turbine, Sensitivity Analysis, Sobol’ Index, High Efficiency
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index

Fig. 1  A meridional view of the target 2-stage turbine with 
their cross-sectional profiles
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Leave-one-out cross validation;LOOCV (2)(5)

R=0.8960 R2=0.8028

Fig. 2 Blade profile drawn on a deformable mesh by use of 
control parameters

Fig. 3  Performance check of the surrogate model by use of 
LOOCV method

p(x)

(7)

Quasi-Monte 
Carlo Method;QMC Method (8)

Latin 
Hypercube Sampling; LHS (9) QMC

Sobol’

nsamp Kato (2)

nsamp=1,000 10,000

nsamp=1,000
QMC

  Python SAlib(10)

19
Sobol’

2.5 2.5 2.5 2.5,    , , ±10%5.0 5.0
5.0 2.5

Sobol’

1R (6)

Higher order
(6)

2S- 1R-
30%

Higher order 25%
2S- 1R- 16

65%
( )

Fig. 4  Pie chart of Sobol’ sensitivity indices

Download service for the GTSJ

                         117 / 284

 via 216.73.216.204, 2025/07/04. 

                         117 / 284



4

Table 1 Comparison of Sobol’ first-order sensitivity indices
obtained by LHS and QMC

Parameter LHS QMC
2S- 30.3% 30.4%
1R- 29.1% 29.0%
1R-LT2 4.65% 4.66%
1R-LT1 3.88% 3.68%
1R-LTE 2.67% 2.63%

Table 2 Sobol’ second-order sensitivity indices
Parameter Sensitivity indices

1R-LTE – 1R- 4.83%
1R-LT1 – 1R- 2.64%
1R-LTE – 1R- 1.25%

 1R-LT2 – 1R- LTE 1.10%
 1R-LT2– 1R- 1.04%

 1R-LT1 – 1R- LTE 1.02%

Sobol’

LHS QMC
Sobol’

100000 QMC

1R-LTE 1R-LT1

Fig. 5  Impacts of two dominant parameters on the turbine 
total-to-static efficiency
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Fig. 6  Cross-sectional profiles of turbine blades and vanes 
to be calculated (top) and each cascade data (bottom)
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Fig. 7  Computational grids

Fig. 8  Results of 2D flow analyses for three cases with 
different combinations of dominant control parameters (left: 

absolute Mach number, right:entropy)  
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Fig. 9  Mass-averaged entropy increase obtained in 2D flow 
analyses for three cases with different combinations of 
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Table 3 2D loss coefficients for all combinations (deeper 
shade means larger loss)  
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6

Fig. 10  Mid-span contours obtained by 3D flow analyses for 
three cases with different combinations of dominant control 
parameters (left: absolute Mach number, right:entropy)

Fig. 11  Mass-averaged entropy increase obtained in 3D flow 
analyses for three cases with different combinations of 

dominant control parameters

(13) 12

1R- 2S-

1R- 2S-
S-

1R-

Fig. 12  Dissipation function contours for 1R (left) and 2S 
(right) 

Table 4  3D loss coefficients for all combinations (deeper 
shade means larger loss) 

0.5053 0.4862 0.4611
0.4751 0.4617 0.4416
0.4861 0.4664 0.4384

Table 5 Ratios of 3D to 2D loss coefficients for all 
combinations

1.174 1.171 1.166
1.170 1.175 1.151
1.204 1.204 1.224

(14)
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Fig. 16  Maximum von Mises stresses identified in 1R FE 
model for Inconel 718 and Ti-6Al-4V
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B-17

Influence of swirling flow on heat transfer characteristics 
of square and rectangular duct 

 *1    *2   *1

MASAKI Kaito  NIIZEKI Yoshiki   MOROZUMI Ryo 

 *2   *3

TAKEISHI Kenichiro TSURU Tomoko

ABSTRACT
The lattice cooling is an internal cooling method for gas turbine blades. The lattice cooling channel is a grid-shaped channel 
in which two channels with inclined ribs overlap each other. To clarify the heat transfer characteristics of the lattice cooling 
channel, we conduct a flow analysis experiment using a MRI (Magnetic Resonance Imaging) device and a steady state heat 
transfer coefficient measurement using a temperature-sensitive liquid crystal.  From the studies on the lattice channels 
previously performed by the authors, it was clarified that the strong swirl flow is generated in the lattice flow passage. It was 
suggested the strong swirl flow increases the heat transfer coefficient. In this study, the heat transfer coefficient distribution 
was measured for a simple square and rectangular channel with swirling flow at the channel inlet to investigate the 
improvement in heat transfer owing to the swirl flow.

, MRI, ,
Key Words: Gas Turbine, MRI(Magnetic Resonance Imaging), Liquid Crystal, Heat transfer, Swirling flow
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Fig. 1 Lattice cooling structure
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Fig.2  Test section of square and rectangular duct

Table 1 model dimensions
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Fig.3 Flow diagram of the MRI testing apparatus

Fig.4 Flow diagram of the heat transfer testing apparatus

Fig.5 Cross sectional view of the heat transfer test section

Fig.6 Cross sectional view of the heat transfer test section

Lt =1000mm
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Heat transfer measurement area

L/De = 3.33
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Fig.8 Representative flow angle distribution
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Fig.7 Flow angle distribution (Vs/Vm = 5.0, MRI-PC method)
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Fig.12 Area averaged Nusselt number of square duct Fig.14 Heat transfer reduction of square duct
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Fig.17 Area averaged Nusselt number of lattice model (12)

Fig.16 Averaged heat transfer versus swirl strength
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Effects of Leading Edge Fillet on Secondary Flow Reduction in Ultra-Highly 
Loaded Linear Turbine Cascade

 *1    *2

ODA Ryutaro         TSUJITA Hoshio

ABSTRACT
Recently, gas turbines used for the power generation and the propulsion system are seriously required to be improved in 

aerodynamic performance for the reduction of environmental load. The increase of blade loading enhances the aerodynamics 
performance of turbine cascade, but intensifies the secondary flow and associated loss generation. In this study, for the 
reduction of a horseshoe vortex (HV), which is a predominant secondary flow in turbine cascade, a leading edge fillet was 
applied to an ultra-highly loaded linear turbine cascade with a turning angle of 160°, and the effects of it on the reduction of 
the HV was investigated by using a numerical technique. The computed results showed that the application of leading edge 
fillet was effective on the reduction of the HV and also on the reductions of the passage vortex and the associated loss.

Key Words: Ultra-Highly Loaded Turbine Cascade, Secondary Flow, Leading Edge Fillet, Horseshoe Vortex, Numerical 
Simulation
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Table 1  Specification of cascade
Inlet metal angle : α [deg.] 80.0
Outlet metal angle : β [deg.] 80.0
Chord length : C [mm] 80.0
Axial chord length : Cax [mm] 68.5
Blade height : H [mm] 100.0
Blade pitch : S [mm] 114.28

Table 2  Specification of leading edge fillet
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Fillet range at PS : Lps [-] 0.70Cax
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Original -
Type1 0.05H
Type2 0.10H
Type3 0.15H

Fig. 1  Configuration of UHLTC

PS SSBlade

1.35Cax

TE

LE

C
ax C

S

Fig. 3  Computational grid

Z/Cax

-2.0 0.0 1.0 3.0

LE TEIn
le

t

O
ut

le
t

80

Flow

Download service for the GTSJ

                         241 / 284

 via 216.73.216.204, 2025/07/04. 

                         241 / 284



3

LE SS
Cps Fig. 5

MS (Midspan) VH

Cps

Cps=
Ps Ptin
ρ Vout2 2

(1)

Ps Ptin
ρ Vout

Z/Cax=1.3 Fig. 
6 EW Fig. 7
Z/Cax=-0.5

99%
δ 0.28H Fig. 8 Hub EW

Cps
Original LE Hub EW

VH (Fig. 
5(a) Fig. 6(a)) EW (Fig. 8(a))
VH PS SS

( SP) VH Fig. 
7 EW LE

LE EW
(Fig. 5(a)) EW LE

(Fig. 8(a))
LE EW

EW
VH

VH

Type1 VH

Type2 Type3 VH (Fig. 5(b) (d)
Fig. 6(b) (d)) LE Hub EW

(Fig. 5) Original EW
Type1 Type2 Type3

Fig. 7
δ h

h δ LE

Fig. 6  Streamlines near leading edge

VH VH

LE

SS

V

0

40

Fig. 4  Spanwise distribution of inlet velocity

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.0 10.0 20.0 30.0 40.0

Y/
H

[-
]

V [m/s]

Fig. 5  Streamlines and static pressure distributions in
cross section perpendicular to the leading edge

Hub

MS
LE

VH

Cps

-1.4

0.1

Flow

VH

(b) Type1(a) Original

(d) Type3(c) Type2

(a) Original

Fig. 7  Spanwise velocity distribution (Z/Cax=-0.5)

0.0

0.1

0.2

0.3

0.4

0.5

0.0 10.0 20.0 30.0 40.0

Y/
H

[-
]

V [m/s]

Hub

MS

δ

(b) Type1

(c) Type2 (d) Type3

Download service for the GTSJ

                         242 / 284

 via 216.73.216.204, 2025/07/04. 

                         242 / 284



4

EW (Fig. 8) LE
Type1 Type3

Original
LE

SP Type2
Type3 h

h

LE EW

VH

VH h

Fig. 9 Z/Cax=0.5 Cpt
VP

Cpt

Cpt=
Ptin Pt
ρ Vout2 2

(2)

Pt Fig. 10
SS Cps

Original Z/Cax=0.5 EW
VP SS EW

(Fig. 9(a)) VP VH PS
VH-p EW

PS SS
VH

VP Hub EW
(Fig. 8(a)) VH VH-

p SS
PS SS

SS Hub EW
MS

(Fig. 10(a))
SS VH-p MS

(Fig. 
10(a)) PS SS

SS EW MS
(Fig. 10(a)) EW VH

VP VP

EW SS
(Fig. 9(a)) VH

VP MS

Type1 Type3 Hub VP

Original h
MS

(Fig. 9(b) (d)) VH

VH-p VP

Fig. 8  Static pressure distributions and 
limiting streamlines on hub

PSSS

TE

LE
SP SP

Cps

-1.4

0.1

Fig. 9  Total pressure loss distributions and 
secondary flow velocity vectors (Z/Cax=0.5)

Hub

Tip

MS

SS PS

VP

Flow

Cpt

0.0

0.5

(a) Original (b) Type1 (c) Type2 (d) Type3

(c) Type2

(a) Original (b) Type1

(d) Type3

Fig. 10  Static pressure distributions and limiting 
streamlines on SS

Hub

MS
LE TE

Cps

-1.4

0.1

(d) Type3

(a) Original (b) Type1

(c) Type2

Download service for the GTSJ

                         243 / 284

 via 216.73.216.204, 2025/07/04. 

                         243 / 284



5

VH-p

SS
Original

(Fig. 8)
VP

VH

EW
LE

(Fig. 8)
SS EW MS

EW (Fig. 10)
Fig. 11 Fig. 12 Z/Cax=0.9 1.3

Cpt
Fig. 12 MS Fig. 13

Cptt
Cptt

Cptt=
Σ(ρ∙VZ∙ΔA∙Cpt)
Σ(ρ∙VZ∙ΔA)

(3)

VZ ΔA
Original Z/Cax=0.9 EW

Z/Cax=0.5 VP

SS (Fig. 
11(a)) EW

(Fig. 8(a)) VP

VP EW MS

EW
Z/Cax=1.3 MS VP

(Fig. 12) EW

(Fig. 13) EW
LE (Z/Cax=0.0)

VH VP

EW
VP

Type1 Type3
Hub VP Original

(Fig. 11(b) (d))

Type1 Type3 Type2
(Fig. 12(b) (d))

VH VP

VP EW
MS Hub

Fig. 13  Streamwise distributions of total pressure loss

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

-2.0 -1.0 0.0 1.0 2.0 3.0

C
pt

t[
-]

Z/Cax [-]

Original
Type1
Type2
Type3

0.15

0.20

0.25

0.30

0.9 1.1 1.3

Fig. 12  Total pressure loss distributions and secondary 
flow velocity vectors (Z/Cax=1.3)

Hub

Tip

MS

Flow

Cpt

0.0

0.5

Fig. 11  Total pressure loss distributions and secondary 
flow velocity vectors (Z/Cax=0.9)

Hub

Tip

MS

SS PS

Flow
VP

Cpt

0.0

0.5

(a) Original

(a) Original

(d) Type3

(b) Type1

(d) Type3

(c) Type2

(c) Type2

(b) Type1

Download service for the GTSJ

                         244 / 284

 via 216.73.216.204, 2025/07/04. 

                         244 / 284



6

EW Tip EW

(Figs. 11,12) Table 3 Fig. 13 Cptt
Z/Cax=1.3 Original Type2

Type3 Type1

h
VH Cptt

Type3 Type2
h

Type2
h

VP

VH-p VP

1.

2.

3.

4.

(1) G. A. Zess, K. A. Thole. Computational design and experimental 
evaluation of using a leading edge fillet on a gas turbine vane, 
ASME J. Turbomach., Vol. 124, (2002), pp. 167-175.

(2) Wei ZJ, Qiao WY, Zhao L, et al. Numerical investigation of 
endwall losses control in turbine by leading edge fillet based on 
teardrop curves, J of Aerospace Power, Vol. 30, No. 2 (2015), pp. 
473-482.

Table 3  Reduction rates of Cptt for Original (Z/Cax=1.3)
Model Reduction rate [%]
Type1 0.33
Type2 1.60
Type3 1.27

Download service for the GTSJ

                         245 / 284

 via 216.73.216.204, 2025/07/04. 

                         245 / 284



Download service for the GTSJ

                         246 / 284

 via 216.73.216.204, 2025/07/04. 

                         246 / 284



Download service for the GTSJ

                         247 / 284

 via 216.73.216.204, 2025/07/04. 

                         247 / 284



Download service for the GTSJ

                         248 / 284

 via 216.73.216.204, 2025/07/04. 

                         248 / 284



Download service for the GTSJ

                         249 / 284

 via 216.73.216.204, 2025/07/04. 

                         249 / 284



Download service for the GTSJ

                         250 / 284

 via 216.73.216.204, 2025/07/04. 

                         250 / 284



 

Download service for the GTSJ

                         251 / 284

 via 216.73.216.204, 2025/07/04. 

                         251 / 284



Download service for the GTSJ

                         252 / 284

 via 216.73.216.204, 2025/07/04. 

                         252 / 284



0
0 1 2 3 4 5

0.5

1.0

1.5

2.0

2.5

3.0

No
rm

al
ize

d 
na

tu
ra

l f
re

qu
en

cy

No. of nodal diameters

1st mode family

2nd mode family

3rd mode family

4th mode family

Download service for the GTSJ

                         253 / 284

 via 216.73.216.204, 2025/07/04. 

                         253 / 284



Am
pl

ifi
ca

tio
n 

fa
ct

or

0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Am
pl

ifi
ca

tio
n 

fa
ct

or

Nondimensional accel. rate  

Max. =1.67

Normalized amplitude
1.0 1.2 1.4 1.6 1.8 2.00.80.60.40.20

0
2
4
6
8

10
12
14
16
18

Download service for the GTSJ

                         254 / 284

 via 216.73.216.204, 2025/07/04. 

                         254 / 284



Download service for the GTSJ

                         255 / 284

 via 216.73.216.204, 2025/07/04. 

                         255 / 284



Nondimensional accel. rate  
0 1 2 3 4 5 6

1.0

1.1

0.9

0.8

0.7

0.6

0.5

No
rm

al
ize

d 
am

pl
itu

de Blade 6
Blade 4

Blade 11

Download service for the GTSJ

                         256 / 284

 via 216.73.216.204, 2025/07/04. 

                         256 / 284



Download service for the GTSJ

                         257 / 284

 via 216.73.216.204, 2025/07/04. 

                         257 / 284



Download service for the GTSJ

                         258 / 284

 via 216.73.216.204, 2025/07/04. 

                         258 / 284



Ti-48Al-2Cr-2Nb

Microstructure and Superplasticity of Ti-48Al-2Cr-2Nb
Manufactured by Selective Laser Melting

ABSTRACT

Key Words:
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Numerical Evaluation of Relationship between Creep Strain Rates and
Metallographic Charts in the Accelerating Creep Region

via the Discrete Cosine Transform

*1

HIRAGUCHI Hideo

ABSTRACT
It is well known that a single crystal Ni based superalloy, CMSX-4, changes its metallographic charts 

according to the creep test time or the creep strain rates. Above all, it is very unique that the cuboidal ’ 
phase turns its shape to a rafted one and the  channel changes its thickness. Therefore, in this paper, cluster 
models of the metallographic charts for CMSX-4 according to the creep test time or the creep strain rates in 
the accelerating creep were created and those were numerically analyzed via the discrete cosine transform 
(DCT). As a result, useful theoretical transitional patterns have been obtained by using specific information 
of the metallographic charts of CMSX-4. 

Key Words: Single Crystal Ni based Superalloy, Discrete Cosine Transform, Dislocation Density, Creep Strain Rate
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Development of new high-purity iron-based forged alloy 

*1 *2   *2   *2

TETSUI Toshimitsu     HIRAKI Tomohiro MIKAMI Shintaro OHTOMO Naoya

ABSTRACT 
The possibility of cost reduction and improvement of heat resistance of high-purity iron-based alloys was examined 

considering to adapting them as gas turbine related parts. Regarding the melting process, it was confirmed that the high 
purity of the raw material can be maintained in the cast ingot even in the low vacuum general-purpose melting method, 
because Al acts as a deoxidizer in alloys containing Al. Next, in the development of new alloys that utilize the effect of 
improving workability or ductility due to high purification, it was confirmed that both forged alloys and cast alloys have 
significantly higher performance than existing iron-based alloys and are comparable to Ni-based superalloys. 

Key Words: High-Purity Iron, Melting Process, Heat-Resistant Alloy, Groove Rolling, Oxidation Resistance  
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