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Development of 1600°C class J series gas turbines 

*Yoshifumi TSUJI, Satoshi HADA, Shunsuke TORII, Yoshifumi IWASAKI 
Masanori Yuri, Masahito KATAOKA (MHPS) 

ABSTRACT 
Mitsubishi Hitachi Power Systems, Ltd. (MHPS) has continually contributed to global environmental 

protection, as well as to the stable supply of energy through the development of gas turbines based on 
abundant operational achievements and advanced technology research efforts.  MHPS has developed the 
M501J achieving the world’s first turbine inlet temperature of 1,600°C and even a thermal efficiency in gas 
turbine combined cycle (GTCC) of 61.5% or more, using developments attained in the national “1,700°C-Class 
Ultrahigh-Temperature Gas Turbine Component Technology Development” project we joined in 2004.  
Demonstrative operation started in 2011, using the demonstration equipment located within our Takasago Works, 
resulting in recent implementation of the accumulation of our global sales and operational record.  Furthermore, 
based on the core technologies adopted in the M501J (60Hz unit), the M701J as the 50-Hz unit of the J Series 
was developed, and its shipment was completed after being tested at the factory. This paper relates to how these 
state-of-the-art high-efficiency gas turbines are developed and operated. 
Key words: gas turbine, combined cycle, scaled design, blade vibration measurement 
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Fig.1 Developmental trend of large gas turbine models 
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Fig.2 Design concept of M501J gas turbine 

Fig.3 Characteristics of M501J gas turbine 

Fig.4 Improvement of combustor nozzle 
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Fig.5 Component technology to realize turbine inlet
temperature of 1600°C  
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Fig.11 Scale design concept applied to the M701J 
 

 
Fig.12 shipment of M701J Gas turbine  
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Fig.13 Non-contact blade vibration measurement using 
an actual gas turbine of gas turbine blade under actual 
operating condition 

 

 
Fig.14 An example of the vibration measurement results 
of first-stage rotor blades in the M501J gas turbine 
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A-2

Application and Operation of Gas Turbine Air Intake Technologies 
Confronting Severe Climate Condition 

*Masaki SATO, Nobuaki SAWADA and Takahisa MISAKI (Tohoku EPCO) 

ABSTRACT 
In order to stabilize electric power supply, Tohoku Electric Power Co., Inc. (Tohoku EPCO) has developed an 

advanced gas turbine air intake system consisting of an inlet air cooling system and an anti-icing system. In winter, 
the anti-icing system, which utilize compressor discharge hot air with snow protection hoods and nets, is adopted 
and gas turbine is operated without causing air filter clogging with snow. While in summer, the inlet air cooling 
system based on mist spray is adopted to decrease turbine inlet air temperature and to increase power output of gas 
turbine. The inlet air cooling system successfully increased gas turbine power output by 5%. These applications we 
developed as a user of gas turbine plants have been operated without causing any troubles. 

Key words: severe climatic condition, inlet air filter, inlet air cooling, anti-icing, power output augmentation 
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Fig.1  Schematic View of Gas Turbine Inlet Air Flow
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Fig.2
  

Fig.2 Inlet Air Filter Clogging by the Snow 

Fig.3 Cross Sectional View of Air Intake 

Fig.4 Applications at the Air Intake to Prevent 
the Inlet Air Filter Clogging by the Snow 
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Fig.5 Snow Protection Hoods and Anti-icing System

Fig.6  Configuration of Anti-icing System 

Fig.7  Operating Data of Anti-icing System 

Fig.8  Nozzle of Mist System 

Fig.9  Spray of Mist System 
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Fig.10 Operating Data of Mist System 
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Introduction of an upgrade example of existing H-25 gas turbine 

*Hayato MAEKAWA, Ryo AKIYAMA(MHPS) 

ABSTRACT 
MHPS has developed H-25(42) gas turbine, based on proven H-25 gas turbine. H-25(42) is improved the 

performance by improving the turbine blade cooling performance , applying upgrade material of turbine wheel, 
and improving aerodynamic performance of turbine section. The some technology of H-25(42) is applicable to 
existing H-25 gas turbine. In this paper, the example is introduced, which applied the some upgrade parts 
developed for H-25(42) to H-25(35) in a combined cycle power plant at periodic inspection of the spring of 
2015. This plant has started commercial operation in 2011. As a result of upgrading the gas turbine, combined 
cycle output increased about 5%. 
Key words: Gas Turbine, Nickel Based Alloy Rotor, Thermal Barrier Coating 
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Fig.10 Upgrade items of H-25(35) 
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Large-Eddy Simulation of a Turbulent Spray Combustion Field of 
a Full Annular Combustor for Aircraft Engine 

 –An Application to the Simulation of Ignition Process– 
*Takayuki NISHIIE (NuFD), Mitsumasa MAKIDA (JAXA), Naoki NAKAMURA (ASIRI), 

Ryoichi KUROSE (Kyoto Univ.) 
 

ABSTRACT 
Large-Eddy Situation (LES) is applied to a turbulent spray combustion field in a full annular combustor for aircraft 

engine. An extended flamelet/progress-variable method is employed as turbulent combustion model due to the advantage of 
computational cost and consideration of detailed chemical kinetics. A large-scale parallel computation is carried out using 
the supercomputer “K”. The previous work showed that predicted combustor exit temperature distribution well agrees with 
measurement, which suggested that present approach is capable of capturing the general feature of the turbulent spray 
combustion field in a full annular combustor for aircraft engine. In this work, the same LES methodology is applied to 
predict the ignition and flame propagation process in the full annular combustor. 

Key words: Jet engine combustor, Large-Eddy Simulation, Spray combustion, Flamelet method, HPC 
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Fig.1 Photograph of full annular combustor 
 

 
Fig.2 Schematic of combustor components 
 
 

Table 1 Test conditions 
Inlet air mass flow rate [kg/s] 8.86 
Inlet air temperature [K] 550.0 
Fuel mass flow rate [kg/s] 0.1211 
Fuel temperature [K] 333.15 
Inlet air total pressure [Pa] 738100 
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Table 2 Analytical conditions 

Turbulent model Standard Smagorinsky 
Fluid model Compressible 
Combustion model Flamelet/Progress variable  
Radiation model WSGG 

Chemical species 

Oxidizer Air [mass %] 
O2 23.3%, N2 76.7%,  
Fuel Jet-A  [mass %] 
C12H26 45% C8H18 29% 
C7H8 26% 

Convection term 
discretization scheme 

2nd order central 92% 
1st order upwind   8% 

Time integration method Euler implicit 
Time step size [s] 5.0E-6 

 

 
Fig.3 Schematic of computational mesh geometry 

 

 
Fig. 4 Initial droplet size distribution of injected fuel 
droplet 
 

 
Fig. 5 Schematic of ignition point and temperature 
and pressure probe locations viewed from combustor 
inlet 
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Fig.6 Instantaneous combustion field inside the 
full annular combustor; a view of whole 
combustor (top), a close-up view of a sector 
combustor (bottom); Light blue: liquid Jet-A 
droplet volume fraction, Red: iso-surface of 
temperature at 1300K and 2000K 
 

 
Fig.7 Time-averaged exit temperature profiles 
viewed from combustor outlet (outside: LES, inside: 
experiment) 

 
Fig.8 Ignition and flame propagation inside the 
full annular combustor (left: iso-surface of 
progress-variable (red) and liquid Jet-A droplet 
volume fraction (light blue), middle: 
temperature, right: pressure) 
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Fig.9 Temperature time histories at probe locations 

 
Fig.10 Pressure time histories at probe locations 
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Effects of Combustor Liner Size and Shape on Combustion Performance of  
Lean Axially Staged Combustor for Aircraft Engine 

*Takeshi YAMAMOTO, Seiji YOSHIDA, Yoji KUROSAWA and Kazuo SHIMODAIRA 
(Japan Aerospace Exploration Agency) 

ABSTRACT 
JAXA started research and development of advanced technologies to reduce CO2 and NOx emissions and 

noise from aircraft engines in 2013. The program was named “Green Engine.” NOx target of the program was a 
75% reduction over the NOx threshold of the sixth Committee on Aviation Environmental Protection of the 
International Civil Aviation Organization. Verification of low emissions, stable operation, ignition, and so on by 
core engine test was planned. As a first step, high pressure combustion tests of the lean axially staged combustor 
(LASC), which was developed in TechCLEAN program, were conducted under combustor conditions of Green 
Engine landing and take-off cycle (LTO cycle) . Total emissions of NOx, HC, and CO in the LTO cycle of Green 
Engine were much smaller than the ICAO standards and the NOx emissions satisfied the Green Engine NOx 
target. As an next step, the combustor was tested under five middle power conditions between 30% and 85% 
MTO and it was resulted that smoke and CO emissions were relatively high. New combustor liner was designed 
to resolve these problems and improvement of performance was verified by combustion tests.  
Key words: Green Engine, Aircraft engine, Lean axially staged combustor, NOx, HC, CO, Smoke 
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Table 1  Combustor Conditions of LTO Cycle of 
Green Engine 

Condition Unit 7% 30% 85% 100%

Pressure kPa 548 1348 3070 3528

Pressure loss % 4.50 4.60 4.21 4.14

Temperature K 524 644 804 837

Fuel flow rate g/s 4.36 12.34 38.88 47.75

Air/fuel ratio - 84.67 66.78 41.43 37.65
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Table 2  Combustor Conditions of Middle Power 
Settings of Green Engine 

Condition Unit 40% 50% 60% 70%

Pressure kPa 1730 2050 2349 2700

Pressure loss % 4.53 4.46 4.39 4.32

Temperature K 690 723 749 778

Fuel flow rate g/s 17.28 22.10 26.83 31.71

Air/fuel ratio - 59.04 53.65 49.49 45.37

Table 3  CAEP/6 Standards and NOx emission Target 

Condition NOx HC CO SN NOx target

Unit g/kN g/kN g/kN - g/kN 

Green 68.9 19.6 118.0 24.4 17.2 

Fig.2 2
B

85mm
172mm

2
Lean staged fuel nozzle LSF

Emission control fuel 
nozzle ECF

Fig.3 LSF LSF Pilot
Main

Pilot
Main

Pilot Pilot

Main

2
3

2

2

ECF

Pilot

Fig.2  Cross Section of Single-Sector Combustor 
Developed in TechCLEAN Program, Combustor B 

Fig.3  Cross Section of LSF 

Fig.4
Pilot ECF

Pilot AFR
85%

Main ECF
ECF Main

AFR
NOx

 

Main mixer 

Pilot mixer 

Pilot flame 

Main flame 

Igniter mount 

LSF

Pressure 
transducer 

ECF 
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Fig.4  Schematic of Fuel Scheduling 

4.1  
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Table 1 2

9
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13)

4.2  
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Table 5 LTO

ICAO
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Pilot ECF

SN

99.3% Pilot 30%
ECF 70%

(1) 70% 98.9%

(2) 85% 100% Main
Main AFR

AFR
Pilot

NOx

Fig.5  Measured Emissions of Combustor B 

Table 4  Fuel Split in Test of Combustor B 

Condition 7-40 50 60 70 85 100

Pilot, % 100 29.3 29.9 12.5 10.1  9.2

ECF, % 0 70.7 70.1 0 0 18.5

Main, % 0 0 0 87.5 89.9 72.3

Table 5  Emissions of Combustor B Relative to 
CAEP/6 Standards 

NOx HC CO Maximum SN

14.5% 2.2% 16.7% 52 (30% MTO)

 

5.1
B

D Fig.6
2

(1) 
40% Pilot

Pilot AFR
SN

85mm 120mm
Main
AFR SN

2
70%

(2) 
14) B ECF

OH-PLIF
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Fig.6  Cross Section of Combustor D 

5.2  
B D

Fig.7
B Table 6

50% 60%
70%

(1) Pilot 7% 60%
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(2) Pilot 7% 40%
D SN B

(3) 70%
(4) 85% 100% Pilot Main

Fig.8 B D 7%
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EINOx SN Pilot
Pilot AFR

EINOx 14.7
AFR

D EINOx B
Main

AFR
0.2% SN

Fig.7  Measured Emissions of Combustor B and D 
under SLS Conditions 

Table 6  Fuel Split in Test of Combustor D 

Condition 7-40 50 60 70 85 100

Pilot, % 100 50 69.5 16.6 7.5 7.3

ECF, % 0 50 30.5 0 0 14.9

Main, % 0 0 0 83.4 92.5 77.8

Fig.8  Emissions of Combustor B and D under 7% 
MTO Condition with Pilot Fuel Injection 

Fig.9 30% Fig.10 40%
7%

EINOx D

SN B 30%
13 52% 40% 29 119%

D SN
B 30% 2 10% 40%

12 49%
Fig.11 50% Pilot

B
SN 44 180%

D SN 20 82%
Fig.12 Pilot

ECF Pilot

ECF 

LSF 

Pressure 
transducer 
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B Pilot
30% EINOx

10 D
Pilot 50%

EINOx 11.7 Pilot
65% SN 0.6

 

Fig.9  Emissions of Combustor B and D under 30% 
MTO Condition with Pilot Fuel Injection 

 

Fig.10  Emissions of Combustor B and D under 40% 
MTO Condition with Pilot Fuel Injection 

Fig.11  Emissions of Combustor B and D under 50% 
MTO Condition with Pilot Fuel Injection 

Fig.13 60% Pilot ECF
D Pilot

55%
Pilot

69.5% B
EINOx B 15.0

D 17.3 SN Pilot
69.5% 2.5

 

Fig.12  Emissions of Combustor B and D under 50% 
MTO Condition with Pilot and ECF Fuel Injection 

 

Fig.13  Emissions of Combustor B and D under 60% 
MTO Condition with Pilot and ECF Fuel Injection 

 

Fig.14  Emissions of Combustor B and D under 70% 
MTO Condition with Pilot and Main Fuel Injection 
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Fig.15  Emissions of Combustor B and D under 85% 
MTO Condition with Pilot and Main Fuel Injection 

Fig.14 70% Pilot Main

Pilot 17% EINOx
D B 1%

99.8%

Fig.15 85% Pilot Main

D Pilot
Pilot 7.5

99.95%
B Pilot 10.1%
8.2% 99.9% D

B
Pilot

Pilot
10.1 10.9% D EINOx B

1.5 EINOx
D Main
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Table 7 100%

No.1 No.2
85%

D EINOx No.3 No.2
Pilot Main

Main NOx
Pilot EINOx

No.4 No.3 ECF Main
EINOx ECF

AFR NOx Main AFR
NOx

Table 7  Fuel Splits and Emission Indexes under 
100 % Thrust Conditions 

No. Com-
bustor

Fuel 
split AFR EINOx EIHC EICO CE

  % - g/kg g/kg g/kg %

1 B 
P: 9.2
E:18.5
M:72.3

P:49.7
E:31.4
M:24.2

2.06 0.01 0.11 99.99

2 D 
P: 9.0
E:18.9
M:72.9

P:52.7
E:31.8
M:25.2

1.39 0.02 0.35 99.99

3 D 
P: 7.4
E:18.2
M:74.4

P:64.5
E:33.2
M:24.5

1.05 0.02 0.37 99.99

4 D 
P: 7.3
E:14.9
M:77.8

P:65.2
E:40.5
M:23.4

1.29 0.03 0.39 99.99

Table 8 ICAO B D
LTO

7% 30% EINOx
85% 100%
NOx

7%
HC CO 30%

SN  

Table 8  Total Emissions of Combustor D in LTO 
Cycle Relative to CAEP/6 Standards 

 NOx HC CO Maximum SN

Unit % % % % 

B 14.5 2.2 16.7 52 (30% MTO)

D 16.7 0.7 12.5 10 (30% MTO)

 
 

2
B
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30% 40%
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D

Pilot
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Demonstration of operation with mixed hydrogen supplemental  

combustion system in 1.7MW-class gas turbine 
 

 *Muneyuki NISHI, Yoshihiro AKEBI, Takeo ODA,  
Yasushi DOUURA, Hikaru SANO and Koji TATSUMI (KHI)  

 
ABSTRACT 

Kawasaki Heavy Industries, Ltd (KHI) developed the mixed hydrogen combustion system which supplied 
hydrogen from supplemental burners of KHI original combustor. Demonstration of operation in 1.7MW-class gas 
turbine ‘M1A-17D’ is introduced in this paper. 
  
Key words: Combustor, Hydrogen, low NOx, DLE 
 
 

 

 
DLE Dry Low Emissions

 
Fig.1 Fuel distribution of DLE combustor 
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4.1

1.7MW
M1A-17D

NOx 35ppm(O2=0%)

Fig.2 Mixed hydrogen supplemental combustion system  

Fig.3 Overview of demonstration plant 

Table.1 Capital specifications of M1A-17D gas turbine 

Fig.4 Cross section structure of M1A-17D gas turbine 
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4.2 
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Fig.6 Operation result of mixed hydrogen  
supplemental combustion system 

Fig.5 Outline drawing of demonstration plant
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Harald H.-W. Funke, Jan Keinz AcUAS
Karsten Kusterer, Anis Haj Ayed B&B-AGEMA GmbH

Developments of Hydrogen Dry Low Emission Combustion Technology 

*Atsushi HORIKAWA, Masahide KAZARI, Kunio OKADA(KHI), 
Harald H.-W. Funke, Jan Keinz AcUAS and Karsten Kusterer, Anis Haj Ayed B&B-AGEMA GmbH

ABSTRACT 

Key words:   
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Fig. 9 Atmospheric micro-mix burner hydrogen combustion test 
hydrogen flame with 1.0mm injection holes 

NOx

10 micro-mix

Fig. 11 Schematic view of micro-mix burner module

b) Combustor configuration with micro-mix and 
supplemental burner combination 

Micro-mix Burner Module 
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Combustion Gas

Hydrogen Supply Ring

Micro-mix Burner Module

Micro-mix Burner Module 
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Flame tube
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Hydrogen Supply tube 
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Microstructure and Mechanical Property of  
5th and 6th Generation Single Crystal Superalloys 

*Hiroshi HARADA, Yutaka KOIZUMI, Toshiharu KOBAYASHI, Tadaharu YOKOKAWA,       
Masao SAKAMOTO, and Kyoko KAWAGISHI (NIMS) 

ABSTRACT 
Using a 5th generation single crystal (SC) superalloy TMS-196 as a base alloy, a series of SC superalloys with 

different ’ volume fractions were designed on the - ’ tie-line. The alloys were cast to SC bars, properly 
heat treated, and tested in terms of creep properties to find the optimum ’ fraction. It was found that the alloy 
was strongest when ’ volume fraction was about 60 63% at the creep testing temperature. The same result 
was obtained also with the 6th generation SC superalloy TMS-238. The results suggested that the control of 
and ’ fractions is most important to maintain the rafted structure to prevent dislocation motions in SC 
superalloys for a long time period. 

Key words: Superalloy, 5th Generation, 6th Generation, Single Crystal, Microstructure, Creep 
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Fig.1  Creep rupture life v.s. ’ volume fraction  
in - ’ tie-line alloys based on TMS-196. 
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Microstructure change in the Root Part of a First Stage High Pressure Turbine 
Blade of a Single Crystal Ni-based Superalloy after service with Simple Aging 

*Nobuhiro MIURA(NDA) and Shiho YAMAMOTO(Tohoku Univ.) 
 

ABSTRACT 
To estimate the temperature and the stress distribution, and the stress directions in service, the microstructure 

change of a nickel-based superalloy serviced in the root part of a 1st high pressure turbine (HPT) blade of a jet 
engine with simple aging was investigated. After serviced blade, most of the γ’ precipitates remained cuboidal in 
shape at the pressure and suction side. After simple aging, the rafted γ/γ’ structures appeared at the vicinity of 
coating surface of suction side. The other portions, most of the γ’ precipitates contact with each other for three 
direction of {100}. Consequently, very complicated stresss is load on the blade surface at the root part in 
service. 
Key words: 1st High pressure turbine blade, Rafted γ/γ’ structure, Single crystal Ni-based Superalloy, 
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Early Growth Behavior of Crack Originated from Cooling Holes during Creep Loadings. 

Ayaka METOKI,  Subramanian Rajivgandihi,  Masakazu OKAZAKI 
(NAGAOKA UNIVERSITY OF TECHONOLOGY) 

 
ABSTRACT 

It is important to get basic understandings on early stage crack propagation behavior around cooling holes machined in high 
temperature hot section components in advanced gas turbine system. For the purpose a new testing system has been 
developed in this work so that mechanical loading can be applied to Ni-based superalloy hollow specimen with a cooling 
hole under a simulated combustion gas environment where  there was a significant temperature gradient. By means of the 
test system the behavior of crack propagation under a thermally gradient creep (TGC) condition was studied, in comparison 
with that under a isothermal creep (ITC), based on non-linear fracture mechanics approach. Through the work special 
attentions were paid to understand on: (i) microstuructual aspect on small creep crack propagation behavior emanting from 
cooling hole, (ii) difference between small and macroscopic long creep cracks, (iii) role(s) of local thermal stress resulting 
from thermal gradient and that (those) of the stress concentraion and relaxation with creep around the cooling holes.
Key words: Creep crack, Cooling holes, Ni-base superalloy, Thermal stress, Temperature gradient, Creep 
J-integral, Small scale creep, Large scale creep, Stress concentration and relaxation
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Fig. 1 Microstructure of material tested. 

 
Fig. 2 Geometry of specimen used 
(Dimensions are in mm) 

 
Fig. 3 Schematic view of thermally graded creep 
(TGC) test apparatus developed and the  
experimental setup.  
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Fig. 4 Comparison of creep deformation curves 
between thermally graded creep (TGC) and 
isothermal creep(ITC)  tests.  

Fig. 5 Small creep crack propagation behavior emanating from an artificial notch, which is significantly 
affected by microsturucture (σ=200 MPa, ITC test at 875℃). 

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                           44 / 264



 
   (2)  

 n: (1)  

 ri,ro:  

 a:  

σnet  

 
   (3) 

(dδ/dt)

δ (Fig.6)

(NIC) Shih- Hutchinson Jc,st
(10) 

  

 
 
 (4) 

 
 
 

da/dt Jc,st Fig.7

Ni

Fig.5 Fig.7

5  

Subcrack A, B

Fig.5

 

Jc,st

3 (5)

, ♦
t=146-182hr

-4 -6

, ♦ t=182hr  

3

Fig. 5

Fig.7 incubation

subcrack (♦
NC t=182 h ) NC NIC

(Fig.7 NIC t=186-216 hr )  

NIC

(NIC t=145 h

100μm )  

1

 

           
Fig.6 Crack opening Fig. 7 Small creep crack propagation behavior emanating from an 
displacement                        artificial notch correlated with creep J-integral , Jc,st (σ=200 MPa,

, ITC test at 875 .
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Fig. 8 Small creep crack propagation rates in TGC test correlated with creep J-integral, Jc,st (σ=200 MPa). 
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Fig. 10 Change of creep J-integral with transition from small scale to large scale  creep . 
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Alloy 718
 

 

 
 

Effects of solution heat treatment conditions on metallographic structures and 
mechanical properties of Alloy 718 

 
*Chuya AOKI, Tomonori UENO and Takehiro OHNO(Hitachi Metals) 

 
ABSTRACT 

The effects of cooling rates from a solution heat treatment on the microstructures and the mechanical 
properties of Alloy 718 were investigated. In this study, hot-worked materials were solution heat treated at 982 
oC for 1 hour, followed by controlled cooling to 600 oC with the cooling rates between 1 and 199 oC/min, and 
double aging. The grain size ranged between 13 to 16 m, and remained virtually constant regardless of the 
cooling rates from the solution heat treatment.  phase-area ratio increased significantly at cooling rates of 5 
oC/min or less. As the cooling rate from solution heat treatment decreased, 0.2 % proof stress at 649 oC tensile 
test was reduced. Creep resistance at 621 oC under 724 MPa peaked at the cooling rate of about 50 oC/min. 
Key words: Solution heat treatment, Cooling rate, Microstructure, Mechanical properties 
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Table 1  Typical chemical composition of Alloy718 

mass%
C Ni Cr Mo Co

0.022 54.07 18.09 2.97 0.27

Al Ti Nb Fe B
0.52 0.99 5.4 Bal. 0.004  
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Development of Advanced Thermal Barrier Coating 

for High Efficiency Gas Turbine 
 

*Daisuke KUDO Taiji TORIGOE Yoshifumi OKAJIMA Ikuo OKADA Masahiko MEGA MHI  
Junichiro MASADA Keizo TSUKAGOSHI MHPS  

 
ABSTRACT 

Turbine inlet temperature has been increasing for the demand of higher thermal efficiency of combined cycle 
gas turbines. Currently, MHI has been actively participated in the Japanese national project which targets 62% 
combined cycle thermal efficiency through the development of 1,700 °C class gas turbine. Parts of the 
component technologies developed in the national project are applicable to 1,600 °C class gas turbine. In 
particular, thermal barrier coatings (TBCs) are one of the most essential technologies to achieve the target. So, 
development of the advanced TBC materials with high durability and reliability is now ongoing. In this paper, 
the TBC development situation and verification utilizing the MHI's actual power plant are discussed.  
Key words: Thermal Barrier Coating , Thermal conductivity, Durability 
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Development of Thermal Barrier Coating System Using EQ Coating for Advanced 

Single Crystal Superalloys 
*Kyoko Kawagishi, Kazuhide Matsumoto and Hiroshi Harada (NIMS) 

 
ABSTRACT 

EQ coating is a coating system using an equilibrium phase with the substrate as a bond coat. It minimize the interdiffusion 

between the substrate and bond coat, and keep the high temperature strength of the substrate by suppressing the formation of SRZ. 

In this study, the EQ coating is applied to the 4th generation superalloy TMS-138A and 6th generation superalloy TMS-238, and its 

durability was evaluated. Ceramic top coat materials suitable for the EQ coating system was investigated.  

Key words: Ni base single crystal superalloy, Oxidation resistant coating, Thermal barrier coating, Equilibrium phase 
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Table 1 Nominal compositions of TMS-238 and its EQ coating candidates. (wt%, Ni bal.) 

 Co Cr Mo W Al Ta Hf Re Ru 

TMS-238 6.5 4.6 1.1 4.0 5.9 7.6 0.1 6.4 5.0 

TMS-238γ 7.4 6.2 1.5 4.3 4.7 5.4 0.06 8.8 5.6 

TMS-238γ’ 5.1 2.2 0.5 3.5 7.7 11.0 0.2 2.3 4.1 

TMS-238γ’-Re 5.1 2.2 0.5 3.5 7.7 11.0 0.2 - 4.1 

TMS-238γ’-Re,Ru 5.1 2.2 0.5 3.5 7.7 11.0 0.2 - - 
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Table 2 Nominal compositions of TMS-138A and EQ coating. (wt%, Ni bal.) 

 Co Cr Mo W Al Ta Hf Re Ru Y 

TMS-138A 5.8 3.2 2.8 5.6 5.7 5.6 0.1 5.8 3.6 - 

EQ coating for 138A 6.2 4.0 1.0 4.5 8.1 9.9 0.4 - - 0.1 

Fig. 2 Oxidation resistance of TMS-238 and 
its derivatives at 1250 /1h cycles. 
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Fig. 3 Cross section of TMS-238/TMS-238γ’-
Rediffusion couple after 100h diffusion at 1250 . 
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Fig. 4 Cross sections of LPPS coated EQ 
coatings of TMS-238 ODS alloy heat treated at 
1250 . 
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Fig. 5 Thickness change of EQ coating during 
1250  exposure for 1000h. 
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Fig. 6 TBC life of various ceramics/EQ 
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Studies on Heat Transfer Coefficient and Flow Field through a Complex Cooling 

Channel for Turbine Blade     
Ken-ichi FUNAZAKI, Sekai TERABE(Iwate Univ.), Masahide KAZARI, Takeshi HORIUCHI(KHI) 

 
ABSTRACT 

This paper deals with experimental and numerical analyses on the heat transfer and the flow field in a realistic serpentine 
internal cooling channel of a turbine blade. This study aims at obtaining design guidance of the internal cooling channel 
through the investigation of local heat transfer distributions and the flow field in the realistic model. A transient method 
using Thermochromic Liquid Crystal is employed to measure the surface heat transfer distribution inside the channel. 
Furthermore, oil flow visualization is employed to clarify the flow field on the test wall. Numerical analysis using ANSYS 
CFX is also carried out to enhance the knowledge of the flow field. The experiment and the numerical analyses reveal 
several important aero-thermal charateristics, such as the appearance of the highest heat transfer coefficient on the bend 
exits and the lowest in the latter half of the second passage. 

Key words:  Internal cooling channel, Serpentine channel, Heat transfer, flow field 
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 Fig. 1 Experimental facility 

 
Fig.2 Experimental facility 

(Circumference of test model) 

3
3

A-A B-B C-C

60°

(P/e) 9
P e

T1-T7,P1-P7

10

2
30-40 22-32

4
1-24 25-44  

 

 
Fig. 3 Test model 

 
Fig. 4 Wall section number 

 
 

(4)

 

1st pass, 2nd pass, 3rd pass

T1,T3,T5,T7

 
3 A-A

D(=33.4[mm])
ReD(=22,000)

h
(1) Dittus-Boelter

Pr
 

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                           66 / 264



)1(PrRe023.0 4.08.0
0 DNu  

Hue

RGB Hue
(5).

5

Hue

 
6 -Hue

S 1
3

 
 

 
Fig. 5 Calibration device 

 

 

(a) 22-32  

 
(b) 30-40  

Fig. 6 Calibration curve: (a) 22-32 ,(b) 30-40  

3
(2)

 

)2(
2/1 2

*

mU
PP  

ΔP ρ
Um

 

 

15  1
(6)

 
 

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                           67 / 264



Table. 1 Oil film composition 
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Fig. 7 Computational domain 

 
Fig. 8 computational grid 

Table. 2 Computational conditions 
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Fig. 9 Nusselt number ratio distributions (EXP) 
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Fig. 10 Nusselt number ratio distributions (CFD) 
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Fig. 11 Area averaged nusselt number ratio 
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Fig. 12 Non-dimensional pressure coefficient 
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Fig. 13 Pattern of oil film 
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Fig. 14 Surface streamlines 
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Comparison of Measurement and CFD Analysis of Heat Transfer
at the 1st Vane Endwall under Actual Engine Like Conditions

* Hiroshi MAKIGANO, Satoshi MIZUKAMI (MHI), Takaaki HASE (MHIAEL)
Yoshiaki YAMAGUCHI and Eisaku ITO (MHI)

ABSTRACT
The heat transfer coefficient is necessary for the heat load prediction of the cooled turbine and, in 

a cooling design, is an important item. In design process, heat transfer coefficient was mainly 
predicted by using empirical equation or test results. At vane endwall, it is very difficult to predict 
heat transfer coefficient by influence of 3-dimensional flow (i.e. horseshoe vortex, secondary flow 
effect and, so on.)[1][2]. Therefore, measurement results are generally used for the prediction of heat 
transfer coefficient at vane endwall. In this paper, heat transfer coefficient at 1st vane endwall is 
measured by electric mesh heater and Infra-Red(IR)-camera[3] under actual gas turbine like 
conditions in order to verification of the high resolution CFD analysis (RANS, y+

min 1.0). This 
paper shows that the prediction of heat transfer coefficient by using RANS corresponds to
experiment except horseshoe vortex region under actual engine like conditions.

Key words: Heat Transfer, Gas Turbine, Transient Technique, Endwall
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Numerical and Experimental Investigation on the Effect of Tip Clearance 

 of a Multi-Stage Axial Compressor
*Ryosuke SEKI, Xuelin Gao, Thomas Walker, Masamitsu Okuzono, Ryosuke Mito, Eisaku ITO 

Mitsubishi Heavy Industries, Ltd., 2-1-1, Shinhama, Arai-Cho, Takasago City, Hyogo

ABSTRACT 
This paper focuses on an investigation to better understand the tip leakage vortex’s effect on the performance 

of a 4stage compressor rig for land-based gas turbine compressors which have a high Reynolds number and tip 
clearances that increase through the machine. The investigation method is based on experiments and 3D-CFD 
(Reynolds-Averaged Navier-Stokes, RANS) of a test rig of the compressor. At first, a comparison is done with 
test data to verificate the accuracy of the RANS simulation for the overall performance and span-wise 
distribution. Then results for 3 different tip clearances are compared. This showed a non-linear drop in efficiency 
for increasing tip clearance. When the clearance is increased, the flow in the rotor tip region reverses. This is the 
reason for the large drop in efficiency. The reversed flow pushes the leakage vortex in the circumferential 
direction closer to the pressure side of the neighbouring blade. For the stator, the flow rate decreases in the tip 
region due to the low momemtum flow associated with the increase in tip clearance. Because of that effect, the 
inlet flow angle for the stator increases causing positive incidence. For this reason, the stator also operates under 
worse conditions.    
Key words: Gas Turbine, Axial Compressor, Multi Stage,Tip Clearance 
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Fig.1 Subsonic 4-stage axial compressor rig 
(R: Rotor, S: Stator) 

Table.1 Specifications of the subsonic 4-stage 
compressor rig 

 

 

IGV 1R 1S 2R 2S 3R 3S 4R 4S 

Traverse 
Unsteady pressure sensors 
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(a) 0.4mm 

 

 

(b) 1.0mm 
 
 
 

 

 
(c) 1.7mm 

Fig.7 Flow pattern in the tip region of 4th rotor, 
stream-line and iso-surface of Q-factor at the rated  

pressure ratio (2.44)   

 
(a) 0.4mm 

 1.0mm 

 
(c) 1.7mm 

Fig.8 Projection of vortex and blade near tip on the 
meridional surface at the rated pressure ratio (2.44) 

 

 

Sudden change of the vortex size in the span-wise direction.

Reversed flow increase with tip clearance increases. 
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Fig.9 Static pressure at tip region 

 of 4th rotor(experiment) 
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B-2

Numerical Analysis of Transonic Compressor with Various Tip Clearance Gap 

*Yasunori SAKUMA, Toshinori WATANABE and Takehiro HIMENO (Univ. of Tokyo) 

ABSTRACT 
Numerical analysis has been conducted for transonic compressor NASA Rotor 37 with various tip clearance 

gap. Overall performance, basic flow characteristics, and near casing phenomena has been carefully observed. 
According to the result, it has been shown that not only very large clearance gap but also very small clearance 
gap could deteriorate the stall margin of NASA Rotor 37 in spite of its benefit in improving tip leakage loss. 
This is basically due to the difference in the mechanism of which the Rotor 37 is lead to numerical instability 
when the clearance gap is varied.
Key words: Compressor, Tip Clearance, Stall Inception, Numerical Analysis 
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第 43回日本ガスタービン定期講演会（米子）講演論文集，2015.9

【研究報告】 B-3

大規模DESによる多段軸流圧縮機旋回失速初生現象の数値解析
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Numerical Investigation of Rotating Stall Inception Phenomena in a
Multi-Stage Axial Flow Compressor Using Large-Scale DES
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ABSTRACT

Large-scale detached eddy simulations (DES) have been conducted on the K computer, in order to

elucidate the flow mechanism of the rotating stall inception in a multi-stage axial compressor for an

actual gas turbine. In the present study, the front half stages of the 14-stage axial compressor used

for a 30MW class industrial gas turbine were analyzed by taking advantage of data mining techniques,

with which vortex structures were identified by the critical point theory and limiting streamlines

were visualized by the line integral convolution (LIC) method. This paper describes unsteady flow

phenomena in the compressor at stall inception, which were seen on the hub side not the tip side.

Key words: Axial compressor, Rotating stall, Unsteady flow, Computational Fluid Dynamics, K
computer

1. はじめに
多段軸流圧縮機は産業用および航空機用ガスター
ビンの主要構成要素の一つであり，ガスタービンの
熱効率の向上を目指して軸流圧縮機の高圧力比化が
進んできた．このような高圧力化に伴って，圧縮機
翼列の空力負荷が高くなる結果，非設計作動条件に
おいて圧縮機翼列の失速が発生しやすくなる．一方，
旋回失速が発生する作動条件を予測することは多段
軸流圧縮機の設計上極めて重要であるが，その初生
はいまだ予測が困難な現象であり，失速が発生する
段を特定することも難しい．
旋回失速の初生メカニズムに関する研究は，これ
までに数多く行われてきている．しかし，その多く
は低速の試験圧縮機で実験が行われており，高速圧
縮機での研究は少ない．また，実機で用いられるよう
な多段圧縮機について旋回失速現象を調べた研究も
ない．著者らも軸流圧縮機の旋回失速初生現象を大
規模な数値解析および実験により調べてきたが1)–3)，
計算資源の関係から単段に対する解析にとどまって

いるのが現状である．旋回失速初生現象は明らかに
されつつあるが，前述のような低速圧縮機で得られ
た知見が高速多段軸流圧縮機で発生する旋回失速現
象に当てはまるかは不明である．
本研究では，産業用ガスタービンの実機に用いら
れている 14 段軸流圧縮機を対象として，スーパー
コンピュータ「京」を用いて大規模DES（Detached

Eddy Simulation）解析を実施することにより，多段
軸流圧縮機における旋回失速初生現象を解明するこ
とを目的としている．本報では，圧縮機前半 7段の解
析により得られた旋回失速初生現象について述べる．

2. 解析対象
本研究では，産業用の 30MW級高効率ガスタービ
ン用に開発された多段軸流圧縮機4)を解析の対象と
した．図 1に当該ガスタービンの外観と圧縮機ロー
タを示す．当該ガスタービンの開発においては，圧
縮機の要素試験として，スケール圧縮機によるリグ
試験が実施されている．本研究では，試験結果との
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(a) Overview

(b) Compressor rotor

Fig. 1 30MW class gas turbine

比較のために，実際にはこの要素試験用リグ圧縮機
を対象として解析を行った．供試圧縮機は段数が 14

段で構成され，高いサイクル効率を実現するために，
圧力比は当該クラスのガスタービンとしては最も高
いレベルの約 24となっている．
リグ試験では，全体性能だけでなく内部流れを把
握するための計測が実施されている．運転中の段間
マッチングを把握するために，主要なステーション
において，静翼に取り付けられた前縁センサによっ
て全圧・全温が計測され，またすべての翼列出入口ス
テーションで壁面静圧が計測されている．また，サー
ジおよび旋回失速を監視するために，初段入口出口，
6段および 14段動翼の位置に Kuliteセンサが設置
され，圧力変動も計測されている．なお，後述のよ
うに，各ステーションのケーシング壁面静圧計測か
らは 5段あるいは 6段が最も旋回失速の発生が疑わ
れる．本研究では，この実験結果を踏まえて圧縮機
の前方 7段までを解析した．

3. 解析手法
3.1. 数値解法
本研究では，k-ω 乱流モデル5)ベースの DES6)を
実施した．非定常三次元圧縮性 Navier-Stokes方程
式を支配方程式とし，セル中心型の有限体積法に基
づいて離散化した．非粘性流束の評価には，SHUS

（Simple High-resolution Upwind Scheme）7)を用い，
三次精度のMUSCL法を組み合わせることで空間解

(a) Overview (every three lines)

(b) Closeup view of fillet and partial clearance

Fig. 2 Computational grid

像度を高めた．粘性流束はGaussの発散定理を用い
て中心差分的に求められた．時間方向はEuler陰解法
により離散化し，時間積分にはMFGS（Matrix Free

Gauss-Seidel）陰解法を用いた．各時間ステップに
おいてニュートン反復（5回）を実施し，時間精度
を最大二次精度としている．初段動翼の先端半径お
よび圧縮機入口での音速に基づく無次元時間刻み幅
を 0.000521 に設定した．これは動翼一回転当たり
10,000ステップに相当する．
3.2. 計算格子および境界条件
計算格子は，AutoGrid5 ver.9.10（Numeca社）を
用いて，クリアランス部を含め全て構造格子で作成
した．解析領域は，圧縮機前方 7段（入口案内羽根
から 7段静翼まで）の翼列全周とした．図 2に使用
した計算格子を示す．同図に示すとおり，本研究で
は，ハブにおける翼列間のキャビティは考慮してい
ないが，静翼部の部分クリアランスおよび動翼根元
部のフィレットは忠実にモデル化している．計算格
子は各翼列あたり約 1.2～1.4億の計算セル（各翼間
あたり約 300～600万セル程度）を設けた．計算セル
総数は約 20億である．また，壁面上の最小格子幅は，
y+ ＜ 1を満足するように十分小さく設定した．
入口境界条件として，全圧，全温および流れ角（予
旋回無し）を固定して与え，出口境界条件には静圧
を指定した．壁面ではケーシングを除いてすべて断
熱滑りなし条件とし，ケーシング壁面については外
部への放熱を考慮して等温条件を課した．

4. 結果および考察
4.1. 性能特性
図 3は実験により得られた各静翼列における壁面
静圧上昇特性を示している．差分Δは直前の作動点
との差を表し，縦軸には壁面静圧上昇の差分が圧縮
機全体での全圧比の差分で無次元化されて示されて
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Fig. 4 Performance characteristics (gray dashed

lines: surge limit for full 14-stage compressor)

いる．横軸には，サージ点での値で無次元化された
全圧比がとられている．同図をみると，5段目以降
の静翼列で壁面静圧上昇がサージ点に近付くにつれ
低下しており，その低下は 5段静翼において最も大
きく次いで 6段静翼で大きい．したがって，失速の
開始は 5段静翼あるいは 6段静翼であることが推察
される．以上の結果を基に，圧縮機前方 7段のDES

解析が実施された．
図 4 に圧縮機前方 7 段に対する性能特性を示す．
実験の圧力比は，静翼に取り付けられた前縁センサ
の計測結果から求められた．同図において，圧力比
および流量はそれぞれ設計値で無次元化されている．
また，灰色の破線で予測される圧縮機のサージ限界
が示されている．計算は，出口静圧を徐々に増加さ
せて，設計点近傍（作動点 A）から失速点（作動点
F）まで 6流量点で実施された．
4.2. 設計点近傍の流れ場
図 5は作動点Aにおける各段の壁面静圧比を示し
ている．静圧比は設計値で無次元化されている．実
験結果と比較すると，計算の圧力比は前方段でわず
かに高い．しかし，その差異は数ポイント以内であ
り，DES結果は実験結果と非常によく一致している．
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Fig. 5 Stage pressure ratio (Point A)

設計との比較をすると，計算の圧力比は前方段およ
び 5・6段で高く，この傾向も実験結果と一致してお
りよく再現されている．5段および 6段で設計より
圧力比が高いというこの傾向もまた，失速がこれら
の段で発生する傾向にあることを示唆している．
図 6は，作動点Aにおける子午面上の周方向平均
エントロピー関数分布を示している．同図には，子
午面流線が黒線で示されている．同図の流れ場は瞬
時流れ場を全周にわたって周方向に平均化すること
によって得られた．前方段では，動翼内での強い漏
れ流れの発生および衝撃波とそれとの干渉によって，
ケーシング側に高エントロピーがみられる．特に，2

段動翼の先端でエントロピーが高くなっている．後
段側をみると，5段静翼のハブ側でエントロピーが生
成されている．これは，後述するように，ハブコー
ナー剥離の発生に起因している．このように失速前
からすでに 5段静翼のハブ側は流動状態が悪く，同
図に示されるように 5段以降の段もこの影響を受け
ている．このことからも 5段あるいは 6段から失速
が開始することが示唆される．
図 7は，作動点Aにおける 5段静翼と 6段静翼の
流れ場を比較している．同図に示される流れ場は，各
流路の瞬時流れ場を全流路についてアンサンブル平
均して得られた流れ場である．同図には，渦コアに
加え，ハブ面および翼負圧面上の限界流線が示され
ている8)．上述のとおり，5段静翼にはハブコーナー
剥離が生じているのがわかる．これにはクリアラン
スの大きさが関係している．同図下には，それぞれの
静翼の部分クリアランスが青色で示されている．部
分クリアランスは実際の大きさを表現するようにモ
デル化されている．同図に示されるとおり，5段静翼
の部分クリアランスは 6段静翼に比べてコード方向
に小さい．このことから，5段静翼では漏れ流れが
弱く，二次流れが発達しやすいことがわかる．この
結果，5段静翼でコーナー剥離が発生している．5段
静翼ハブコーナー剥離によって生じた低エネルギー
流体は下流に移流し後段に流入する．その結果，図
6に示したように，後段ではハブ側の流れはこの影
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Fig. 8 Time history of mass flow (Point F)

響を受けている．同図のアンサンブル平均流れでは
はっきりと確認できないが，5段以降の後段もまた
ハブ側で剥離の危険性がある．
4.3. 失速初生の流れ場
次に，失速初生の非定常流動現象について述べる．
図 8は作動点 Fでの質量流量の時間履歴を示してい
る．横軸は動翼の回転周期で無次元化されて表され
ている．作動点 Fでの計算は，作動点 Eでの計算解
を初期流れ場とし，背圧をわずかに上昇させて実施
された．作動点 Eでの計算解から開始し，作動点 F

までに 15回転以上が経過している．同図をみると，
時刻 t=2.0を過ぎると質量流量は徐々に減少しはじ
め，時刻 t=2.8を過ぎると急激に減少する．このこ
とから，失速に関連した非定常流動現象が時刻 t=2.0

あたりで発生し，それが時刻 t=2.8あたりまでに旋
回失速へと発達していると推察される．質量流量は
失速セルの発達とともに減少したと考えられる．
図 9に，失速後の時刻 t=3.2における 5段および

(a) 5th Rotor (b) 5th Stator

(c) 6th Rotor (d) 6th Stator

0.0 Cz 0.7

Fig. 9 Comparison of axial velocity distribution on

rotor/stator exit planes at t=3.2 (Point F)

(a) t = 2.2 (b) t = 2.7

(c) t = 3.2 (d) t = 3.7

0.0 Cz 0.7

Fig. 10 Time variation of axial velocity distribution

on 6th stator exit plane (Point F)

6段出口の軸速度分布を示す．5段静翼では，上述の
とおりハブコーナー剥離が発生しているため，全流
路においてそれに伴う逆流がハブ側にみられる．一
方，5段および 6段動翼には，そのようなハブ側の
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Fig. 11 Development of rotating stall inception vortex (Point F); the internal flow fields in the regions

surrounded by a dashed border in Figure 10 are presented by the limiting streamlines and vortex cores

逆流はほとんどみられない．6段静翼の一部の流路
では，5段静翼より大きな逆流が発生しているのが
わかる．これが旋回失速に伴って発生した逆流であ
り，失速領域に対応する．このように，本供試圧縮
機では旋回失速は 6段静翼から発生する．
6段静翼における失速の発生と発達について説明す
る．図 10は 6段静翼出口の瞬時の軸速度分布を示し
ている．質量流量が徐々に減少を開始する時刻 t=2.2

では，小さな低速度域が全流路のハブ側にみられる
が，その大きさはすでに流路によって異なる．青色
の破線で囲んだ流路では，低速度領域が反対側の赤
色の破線で囲んだ流路のそれに比べて大きい．質量
流量が急低下する直前の時刻 t=2.7では，比較的大
きな低速度域が発達しながら動翼の回転方向に移動
している．同図 (c)に示されるように，0.5回転の間
に低速度領域は急速に発達し，大きな低速度域をも
つ流路がグループ化して，低速度域の強弱が明確に
なっている．時刻 t=3.7では，低速度域はケーシン
グ付近にまで拡大している．以上のように，失速セ
ルである低速度域が発達しながら動翼の回転方向に
伝播しているのがわかる．
図 11は，6段静翼で発生する旋回失速初生に関し
て，その失速セル内の流れ構造を示している．同図
には，失速セルの存在する流路について，渦流れ構
造と負圧面上限界流線が示されている．同図に示し
た領域は，図 10の青の破線で囲んだ領域に対応する．
時刻 t=2.2において，大規模な渦構造がハブと負圧
面の角部付近にみられる．また，限界流線には，ハ
ブ側の後縁付近に渦状点が現れている．このように，

この時刻では一部の流路でハブコーナー剥離が発生
している．時刻 t=2.7では，ハブコーナー剥離は前
縁まで拡大し，前縁剥離を引き起こしている．前縁
剥離が発生すると，それは隣接翼に新たな前縁剥離
を引き起こしながら急速に旋回失速セルへと成長す
る．したがって，質量流量は失速セルの成長ととも
に急激に減少する．同図 (c)は，時刻 t=3.2における
失速セル内の流れ構造を示している．失速セル内の
各流路において，竜巻状の剥離渦が翼負圧面上の渦
状点から生成されている．失速セルはこれらの竜巻
状剥離渦によって構成されていることがわかる．失
速セルは，周方向だけでなくスパン方向にも拡大し
ている．最終的には，失速セルの大きなブロッケー
ジ効果によって上流および下流の翼列においても旋
回失速が引き起こされ，一つの大きな失速セルが圧
縮機全体を拡大しながら旋回する（図省略）．
本計算から，多段軸流圧縮機では，スパイク失速に
おける翼端での前縁剥離ではなく，ハブ側でのコー
ナー剥離に起因して失速が発生し得ることが明らか
にされ，ハブ側で生じる旋回失速の形態が示された．
このことは，失速検知としてケーシング壁面上で翼
端側の流れだけを監視することの危険性を示唆して
いる．

5. 結　言
本研究では，多段軸流圧縮機における旋回失速初
生現象を解明することを目的として，産業用ガスター
ビンに用いられる実機の軸流圧縮機を対象に，スー
パーコンピュータ「京」を用いて大規模DES解析を
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実施した．その結果，以下の知見を得た．

(1) 本多段圧縮機では，部分クリアランスが小さい
5 段静翼において，設計点近傍からすでにハブ
コーナー剥離が確認される．これはその下流翼
列のハブ側の流れに影響し，失速点においてハ
ブコーナー剥離を誘起する．

(2) 6段静翼のハブコーナー剥離は成長し，やがてハ
ブ側で前縁剥離を引き起こす．ハブ側の前縁剥
離は隣接翼に前縁剥離を引き起こしながら旋回
失速へと成長する．最終的に，旋回失速はその
ブロッケージ効果によって上流および下流の翼
列にまで拡大する．

(3) 多段軸流圧縮機では，スパイク失速における翼
端での前縁剥離ではなく，ハブ側でのコーナー
剥離に起因して失速が発生し得る．
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The Structure of Rotating Stall and Unsteady Vortices  
in a Centrifugal Compressor 

*Sota IKEZU, Miku KURODA, Nobumichi FUJISAWA and Yutaka OHTA (Waseda Univ.)  
 

ABSTRACT 
The characteristics of diffuser rotating stall and the evolution of a vortex generated on the diffuser 

leading-edge (i.e., leading-edge vortex (LEV)) in a centrifugal compressor were investigated by experiments and 
numerical analyses. The experiment results showed that both impeller and diffuser rotating stalls occurred at 
55Hz and 25Hz during off-design flow operation. Both stall cells existed only on the shroud side of the flow 
passages, which is very close to the source location of the LEV. The results of partial annulus analysis showed 
that the LEV develops with decreasing velocity in the diffuser passage and forms a huge flow blockage within 
the diffuser passage at off-design points. Additionally, the series of expanded LEVs in the several diffuser 
passages blocked the main flow and was the cause of the diffuser stall cell in the full annulus analysis. 
Furthermore, the propagation of the developed LEV was a factor of the rotating structure of the diffuser stall 
cell. 
Key words: Centrifugal Compressor, Vaned Diffuser, Leading-edge Vortex, Diffuser Stall, CFD, DES 
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Fig. 2 Overview of Computational Domain.

Impeller

Diffuser

Sliding Mesh

Tested Centrifugal Compressor
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Table 1   Dimensions of Tested Compressor.

Pressure Ratio P5/P0 1.1

Number of Blades Z 14

Blade Shape Wedge
Number of Vanes V 15

Rotational Speed N 6000 min-1

Mass Flow Rate G 1.64 kg/s

(Main + Splitter) (7+7)
Inlet Diameter D1 248 mm
Outlet Diameter D2 328 mm
Exit Blade Width B2 26.14 mm

Leading-edge Diameter D3 360 mm
Trailing-edge Diameter D4 559 mm
Diffuser Width B4 26.14 mm

Fig. 1  Experimental Apparatus and Measuring System.
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Unsteady Pressure Measurement of Oscillating Cascade 

with Pressure-Sensitive Paint 
*Toshihiko AZUMA, Toshinori WATANABE, Takehiro HIMENO, Chihiro INOUE,  

Seiji UZAWA(Univ. of Tokyo), Yasuo TAKAHASHI, Takanori SHIBATA 
 and Hiroki TAKEDA (Mitsubishi Hitachi Power Systems, Ltd.) 

 
ABSTRACT 

The present paper describes the application of pressure-sensitive paint (PSP) for measuring unsteady surface 
pressure on oscillating blades. A subsonic linear cascade was used where one of the blades was oscillated in a 
bending mode over the incidence range from 0 to 10 degrees including separated flow condition. Unsteady 
pressure distribution on the oscillating blade and two stationary neighboring blades were measured with PSP. In 
order to validate the measurement reliability, PSP results were compared with those obtained by conventional 
methods using pressure transducers and strain gauges. From the comparisons, PSP measurement was revealed to 
have a potential to measure unsteady surface pressure distribution for flutter analysis. 
Key words: Pressure-Sensitive Paint, Cascade Flutter, Unsteady Aerodynamics, Aeroelasticity 
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Fig.1 Schematic of wind tunnel 

 
 
 
 
 

 
Fig.2 Test cascade 

 

 
Fig.3 Schematic of PSP measurement 
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Sumita Optical Glass, Inc. , 
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460nm±50nm
Photoron, FASTCAM-APX 
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1000fps  1/frame [s]
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Fig.4

Inlet mach number 0.5
Reynolds number 3.1x105

Inlet incidence 0° - 10°
Amplitude (bending mode) 0.4 [mm]

Airfoil NACA65-10
Chord [mm] 28.0
Span [mm] 49.5
Pitch [mm] 25.4

Stagger angle [deg] 49.2
Solidity 1.1

Tip clearance 1.0% span
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Fig.4 Data processing for PSP measurement 
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Fig.5 Cp distribution at midsoan 
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(a) i = 0, P.S. (b) i = 0, S.S.  

  

 

(c) i = 8, P.S. (d) i = 8, S.S.  

Fig.6 Cp distribution measured by PSP 
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Fig.7 The results of oil flow visualization 

 
Fig.8 Aerodynamic force measured by PSP and strain gauge 
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Fig.9 Unsteady Cp distribution measured by PSP  
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Fig.11 Unsteady aerodynamic force measured  
by PSP and strain gauge (k = 0.0315) 
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Relationships between flow and breakup patterns of water film  
splashed into air flow 

*Yu MATSUZAKI, Susumu NAKANO, Youichi TAKEDA(Tohoku Univ.), 
 

ABSTRACT 
 In low pressure stages of steam turbines, steam flow gets wet and generates fine droplets by nonequilibrium 
condensation. These droplets are attached on stationary blades and form a water film. The water film breaks up 
at the edge of the blade and generates coarse droplets which cause erosion on rotational blades. This research is 
a fundamental study to find the mechanism of coarse droplets generation from the water film under an air flow. 
In our previous experiment, it was cleared that the breakup patterns of the water film are classified based on 
Mach number and Relative Weber number. Wave patterns of the water film are also affected by Mach number of 
the air flow due to the Rayleigh-Taylor instability. This paper shows relationships between breakup patterns and 
wave patterns of the water film from photographs taken by a high-speed camera. 
Key words: Water film, Droplet, Low pressure turbine, Steam turbine High-speed camera 
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Fig.3 Photographing area   
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Fig.5 Breakup pattern map of water film 
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Fig.6 Photographs of wave flow conditions  
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(1) t=0.0ms   (2)t=4.0ms 
Fig.11 Photographs of water film breakup 
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Fig.12 Photographs of wave flow conditions 
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Fig.13 Photographs of water film breakup 
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Fig.14 Photographs of wave flow conditions 
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Fig.15 Photographs of water film breakup 
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Fig.16 Photographs of wave flow conditions 

(U0=127 m/s) 
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(1) t=0.0ms (2)t=1.0ms 
Fig.17 Photographs of water film breakup 

(U0=127 m/s)

5.2  
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1.17×10  m³/s 

 

 

Fig.18 Thickness of water films measured by laser 
displacement sensor 
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The effect of droplet diameter on the evaporation behavior of water droplets  

in micro gas turbine  
 

*Kaichi HANDA(Kanazawa Institute ofTechnology), Tosiaki TSUCHIYA(Kanazawa 
Institute of Technology )

ABSTRACT 
It is well known that the wet compression technique is effective to improve the performance of gas turbines. A 

thorough understanding of the droplet behavior within compressor is important to achieve full potentials of the 
wet compression. A model has been developed to investigate the evaporation of a water droplet .Then the model 
has been separated to two steps. The 1st step is the heat transfer calculation between a water droplet and 
surrounding air flow and the 2nd step is the calculation for the latent heat of evaporation. The temperature of a 
water droplet has been calculated by treating the droplet as a lumped thermal mass with one representative 
temperature uniformly distributed in the droplet. 
Key words: Micro gas turbine, Compressor, Evaporation of water droplet, Velocity triangle 
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Vibration Analysis of the Mistuned BLISK with Blended Blades 
*Hiroaki HATTORI(IHI), Naoto SHIMOHARA(IHI) and Nobutaka YANAGITANI(IHI) 

ABSTRACT 
The blade integrated disk (BLISK) technology applied in compressors has been established as a light weight 

solution for the aero engine in the last years. However, another concern that arises in from the structural 
dynamics is large frequency mistuning which can be caused by blending repair. Since the separation of blades 
and disks does not exist, damaged (operational wear, foreign object damage) blade cannot be replaced to new 
one and must be repaired by some procedure (typically by blending). In such cases the natural frequency of the 
blended blade may be significantly different from the ‘newly manufactured’ blade. Considering that situation, 
the effect of blade large frequency mistuning on the forced response of compressor BLISK is studied by means 
of numerical investigations applying discrete mechanical low degree of freedom models. Besides the mistuning 
resulting from manufacturing also blending repair induced large mistuning is considered.
Key words: Blade, Vibration, Compressor, BLISK, Mistuning 
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 (a). FEM-Model   (b). Object Vibration Mode (1F) 
Fig.1 FEM-Model and Object Vibration Mode  

(Lumped Mass 
Model) Feiner FMM(Fundamental 
Mistune Model) 
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FEM

3 FEM
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Fig.2 Lumped Mass Model 

Fig.3 Natural frequency vs. ND 
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Mistune 1 2

(2). Random Mistune
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(3). 0.5% Random Mistune Blend 1&2
Mistune (2)

1000
(+5% -5%)

1 2
1 Blade8,2

Blade8,9
mb

Tune Mistune 1 &2

Fig.4 Tune 1or2 Blades Mistune FRA result 

Fig.5 Trend of Norrm’d Max..response vs. f 
(Tune 1or2 Blades Mistune) 

Random Mistune
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Fig.6 Relative location of max. responder blade 

Fig.7. Trend of max.responder blade’s Natural Freq.

  
Fig.8. Trend of BWD.Blade’s Natural Freq. 

Fig.9 Trend of Natural Freq. 
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(3)

Beirow

Fig.10 Mag. Factor vs. Freq.scatter 

Fig.11 Random 1 Blade Mistune  
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Fig.12 Random 2 Blades Mistune  

Fig.13 Relative location of maximum responder blade  
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FSI Analysis of Transonic Fan Flutter 
on Part-speed, Near-stall Operating Conditions 

Atsushi TATEISHI (School of Engineering, The Univ. of Tokyo),  
*Toshinori WATANABE, Takehiro HIMENO (The Univ. of Tokyo), 

Mizuho AOTSUKA and Takeshi MUROOKA (IHI) 

ABSTRACT 
This paper presents the application of the flutter analysis framework using fluid-structure interaction 

simulation (FSI) and system identification to the prediction of stall flutter in a transonic fan which was 
experienced during a rig test. Flutter analyses were conducted over a wide range of part-speed operating points. 
The flutter boundary obtained by FSI simulations fairly agreed in a qualitative sense on several high rotational 
speed lines. However, the simulations could not reproduce flutter boundary for the cases with low rotational 
speeds. Detailed observation of the flowfield and local aerodynamic work revealed that the flutter boundary on 
the low speed lines was determined by the existence of detached shock near the leading edge which contributed 
to strong excitation force. From these analyses, it was concluded that the mismatch in the flutter boundary was 
attributable to the difference in the computed flow field around the leading edge with the experimental one.  
Key words: Fan, Aeroelasticity, Stall flutter, Fluid-Structure Interaction, Transonic flow 
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(a) 72.5% speed line, point A (out of flutter) (b) 72.5% speed line, point B (out of flutter) 

(c) 80.0% speed line, point B (out of flutter) (d) 80.0% speed line, point C (in-flutter) 
Fig. 9 Limiting streamline on the suction surface and relative Mach number field on the 85% span height. 

Shaded area shows axially-reversed area on the blade surface.
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Fig. 10 Comparison of local aerodynamic work distribution on the suction side of the blade across the flutter boundary 

Fig. 11 Summation of aerodynamic work on the suction 
and pressure sides 
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3．．静翼の性性能に及ぼす上流動翼のウエークの影響
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A numerical study of unsteady flows through steam turbine stator and rotor blades 

in circumfarantially non-uniform flow conditions 

*Tadashi Tanuma (Teikyo University), Kumi Akiyama (Office Kei)  

ABSTRACT 
This report presents the first part of our research project to investigate the aerodynamic effect of 

circumfarantially non-uniform flow conditions on steam turbine efficiency. A numerical study result of unsteady 
flows through typical steam turbine stator and rotor blades with circumfarantially non-uniform inlet flow yaw 
angle distribution is presented. 
Key words: Steam turbines, CFD, unsteady flow, non-uniform flow 
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FINETM/Turbo v9.1-2
2

Table 1  

Table 1 Main specification of the turbine stage 

Table 2 Boundary conditions 

Table 2

Fig.1 
Fig.2

Fig.3

Fig.1  CFD mesh on stator and rotor blades and 
hub and casing surfaces 

 

Fig.2  CFD mesh for the half ring unsteady 
calculations (close up) 

 

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                         137 / 264



Fig.3  CFD domain of the turbine stage 

 
 
Fig.4 Fig.9 Fig.4 Fig.5

Fig.6 Fig.9
24 31

Fig.4 Steady calculation result: relative Mach 
number at mid-span 

Fig.5 Steady calculation result: entropy generation 
(J/(kg K)) at mid-span 

Fig.6  Unsteady calculation result: relative Mach 
number contours at 10% height  

Fig.7 Unsteady calculation result: relative Mach 
number contours at 50% height 

Fig.9

 

 
45
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Fig.8 Unsteady calculation result: relative Mach 
number contours at 90% height  

Fig.9  Static pressure distributions on the 50% 
height rotor blade surface at different time 
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Non-Linear Harmonic  
 

JAXA ASIRI JAXA IHI  
 

Numerical analyses on fan tone noise by Non-Linear Harmonic method 
*Junichi KAZAWA(JAXA), Yasuo HORIGUCHI(ASIRI), Tatsuya ISHII(JAXA)  

and Shinya KUSUDA(IHI) 
 

ABSTRACT 
Unsteady Reynolds Averaged Navier-Stokes (URANS) is useful for high accurate prediction of rotor-stator 

interaction noise in fan stage. URANS requires many grids to resolve acoustic waves and this situation increase 
calculation cost. In this paper, Non Linear Harmonic method (NLH) is incorporated into UPACS, which is CFD 
program developed by JAXA, to reduce calculation cost. Three test cases are conducted in this paper. Firstly, we 
investigate sufficient number of frequency components to resolve rotor wakes in the rotor-stator connection 
region with double circular arc cascades. Next, results of NLH calculation are compared with those of URANS 
calculation and experimental results. Finally, acoustic fields around fan stage in jet engine are simulated by NLH. 
From the results, it was confirmed that our NLH program can simulate rotor-stator interaction noise in fan stage. 

 
Key words: Computational Fluid Dynamics, Fan, Rotor-Stator interaction, noise 
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Fig.1 Computational Grids of DCA 
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Fig.5 Circumferential Mode Distribution 
(2BPF, m=-9) 

 
Fig.6 Radial Mode Distribution (2BPF, m=-9) 

 

 
Fig.7 Sound Pressure Level in downstream region of stator vanes 
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Fig.8 DGEN380 Engine 
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Fig.9 Computational Grids around rotor blades and stator vanes Fig.10 Fan stage Performance Map 
 

 

Fig.11 Entropy Contours (Mid Span) Fig.12 pressure fluctuation contours in downstream of stator  
vanes (3BPF) 
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ig.13 Circumferential Mode Distribution  Fig.14 Radial Mode Distribution around stator vanes 
around stator vanes (3BPF, m=+2) (3BPF, m=+2) 
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Calculation Method for Thin Tail Airfoils and Cascades 
 

*Yasukata Tsutsui (KUT), Fuka Hatano (Graduate School of KUT), and Osamu Nozaki (KUT) 
 

ABSTRACT 
If the boundary element method using simple vortex or source distributions is applied to the flow around an airfoil or a 

cascade with a cusped trailing edge or very thin tail, accurate results are not available. For this problem, reconsidering 

the characteristics of the potential flow that the flow within an airfoil is stationary, we propose a new calculation method 

adopting the non-flow conditions in a part of the boundary conditions. Results using this method show extremely good 

agreement with exact analytical solutions for airfoils and cascades. 

Key words: Airfoil, Cascade, Cusped trailing edge, Potential Flow, Boundary Element Method, Boundary Condition 
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Fig.1 Coordinates for airfoils 
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Experimental Study on Rotating Performance of 
Tree-Blade Gyro-mill Type Wind Turbines

Takanori HIRANO, Yasusuke KAWABATA (Takushoku Univ.) , 
Masaaki HIRAMOTO (former lecturer of Tokyo Univ.) and Ichiro FUJIMOTO (Takushoku Univ.)

ABSTRACT
So far, we made some experimental and numerical studies on the starting performance improvement of four-blade

gyro-mill type wind turbines. Three-blade gyro-mill type wind turbines were also investigated on the starting 

characteristics by the vortex method. Those analyses suggested that it is very useful to do a pitch control of setting 

angle for each blade to improve the starting performance. In this paper, we reported some results obtained by the 

experimental study.

Key words: Gyro-mill type Wind Turbine, Rotating Performance, Experimental study
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Internal Flow Measurement of Small Centrifugal Compressor by PIV 
*Takuro KIRIAKI, Ryuta TANAKA, Satoshi OHUCHIDA, Akihiro YAMAGATA (IHI) 

 
ABSTRACT 

Compressor of turbocharger for vehicle must be operated in a wide operating range, especially improvement 
of efficiency and expansion of stable operating range at low flow rate and low pressure ratio are important. In 
this report, internal flow of the compressor at low flow rate and low pressure ratio was measured by Oil Flow 
Visualization and PIV (Particle Imaging Velocimetry). Measurement object is two compressors having different 
surge characteristics, the diffuser which is considered to cause of the surge was a visible region. The results of 
investigation of flow phenomenon are reported. 

Key words: Compressor, Oil Flow Visualization, PIV, Surge, 
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Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                         156 / 264



Fig.2 Comp. A

Comp. B

Comp. B
Fig.3 Comp. 

A Comp. B
(2) Fig.3

 (Q/Qc) 

 

1.0

1.2

1.4

1.6

1.8

2.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Q/Qc [-]

comp.A-test

comp.B-testCompressor exit

Diffuser exit

Impeller T/E

Impeller L/E Surge flow rate

To
ta

l t
o 

st
at

ic
 p

re
ss

ur
e 

ra
tio

 [-
]

 
Fig.3 Static Pressure Measurement Results of  
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IHI Soumya Dutta IHI  
 

 INVESTIGATION OF IMPELLER EXIT FLOW FIELD  
IN A HIGHLY LOADED CENTRIFUGAL COMPRESSOR 

* Wataru Sato(IHI), Soumya Dutta(IHI),  
Kenichi Funazaki(Iwate University) and Yukiya Kakudate(Iwate University) 

 
ABSTRACT 

Recently, the demand of highly loaded centrifugal compressors is increasing due to environmental and 
economic reasons. In a compressor aerodynamic design including the matching of an impeller and a diffuser, it 
is very important to predict the impeller flow field precisely. However it becomes difficult to predict a 
compressor performance with enough accuracy because a large flow separation and a strong clearance leakage 
flow occur due to its high loading. Therefore, in order to validate the prediction accuracy of CFD to the highly 
loaded compressor, flow measurements at the impeller exit were conducted by using 3 holes yaw meter and hot 
wire anemometry. From the comparison between CFD and measurements, difference in turbulence intensity and 
flow angles could be observed. These results imply that the reason behind this difference could be because CFD 
underestimates the free stream turbulence and mixing effects between free stream and clearance flow. 
Key words: Centrifugal Compressor, CFD, Measurement, Flow Field 
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C-1

Study on Optimization of Variable Cycle in Flight Condition  
by the Virtual Jet Engine 

*Asahi OWAN(TUAT), Yoshitaka FUKUYAMA(JAXA) and Naoki AKIYAMA(TUAT) 

ABSTRACT 

Key words: Aero-Engine, Virtual Jet Engine, Surge, Off-design Performance 

Table 1  Definition of symbols 
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Fig.1  Flow chart of compressor design 
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A study on the prediction method of off - design point performance of gas turbines 

by the component matching 
Application to the recuperative cycle gas turbine power generation system  

*Akira KATO and Toshiaki TSUCHIYA (Kanazawa Institute of Technology) 
 

ABSTRACT 
This study is dealing with a research on the prediction of off - design point performance of gas turbines by the component 
matching. In the previous studies, the prediction procedures have been proposed for simple cycle gas turbines, including 
both single-shaft and free turbine systems. In the present study, an additional component (recuperator) has been added in 
addition to the gas turbine component such as compressor, combustor and turbine to apply the method to the recuperative 
cycles. Performance evaluation tests have been conducted for the capstone C30 micro gas turbine system in which the 
recuperative cycle has been adopted. 
The prediction method has been verified by comparing the predicted performance with the measured one.  

Key words: Micro gas turbine, Off-design performance, Matching, Recuperative cycle 
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Capstone C30

30kW ,
. 

Rated output kW 28
Rated rotational speed rpm 96000
Max thermal efficiency % 26
Exhaust gas temprature 275

Table1  Gas turbine system component 

g p
Table.2  Test results for C30 performance test 

Fig.3  Recuperator gas turbine systems Fig 3 Recuperator gas turbine systems
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Table3
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Fig.4  Power output vs Rotational speed 

Fig.5 Power output vs Turbine outlet temperature 

Fig.6 Compressor performance map (prediction) ( )

Table3  Design point performance of C30 
Pressure ratio rc 3.2
Turbine pressure ratio rt 2.94
Turbine inlet temprature T03 [ ] 814
Turbine outlet temprature T04 [ ] 598
Compressor adiabatic efficiency ηc 0.775
Turbine adiabatic efficiency ηt 0.85
Requperator heat exchanging efficiency ηR 0.9
Mechanical efficiency ηm 0.98
Combustion  efficiency ηb 0.99
Corrected air mass flow rate              [kg/s] 0.27
Inlet pressure loss εi 0.002
Combustor  pressure loss εb 0.03
Requperator pressure loss (low temp.) εrl 0.025
Requperator pressure loss (high temp.) εrh 0.035
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Table4  Design point performance 
Pressure ratio rc 2.8
Compressor

adiabatic efficiency
ηc 0.64

Gas generator turbine
adiabatic efficiency

ηt 0.72

Power turbine
adiabatic efficiency

ηpt 0.9

Power turbine
pressure ratio

rpt 1.35

Gas generator turbine
inlet temprature

T03 [ ] 932

Fuel - air ratio f 0.023
Air mass flow rate              [kg/s] 0.16

Power output W[kW] 12.45
Themal efficiency ηth 0.08

Fig.7 Turbine performance characteristics 

Fig.9 Operating line on compressor performance 
map of C30 
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Fig.10  Operating line for previous result and 
Recuperative cycle (1) 

Table 5 Off design performance for each setting 

Fig.11 Operating line for previous result and 
Recuperative cycle (2) 

i i li f i l d

N/ θ[%] 110 100 80 60
             [kg/s] 0.1883 0.1604 0.1191 0.0838

rc 3.34 2.80 2.11 1.68
f 0.0252 0.0230 0.0208 0.0224

TIT[ ] 1036 932 817 851
rpt 1.49 1.35 1.19 1.11

W[kW] 20.54 12.45 5.09 2.18
ηth 0.103 0.080 0.049 0.028

             [kg/s] 0.1793 0.1521 0.1117 0.0775
rc 3.37 2.81 2.13 1.70
f 0.0136 0.0100 0.0085 0.0084

TIT[ ] 1140 1042 933 999
rpt 1.46 1.32 1.18 1.09

W[kW] 19.99 12.03 4.88 2.07
ηth 0.197 0.163 0.111 0.071

             [kg/s] 0.1897 0.1601 0.1160 0.0796
rc 3.34 2.80 2.12 1.69
f 0.0121 0.0092 0.0080 0.0080

TIT[ ] 1009 930 861 947
rpt 1.38 1.27 1.15 1.08

W[kW] 16.49 9.93 4.02 1.71
ηth 0.173 0.142 0.095 0.060

Simple cycle

Recuperative
cycle
(1)

Recuperative
cycle cycle

(2)
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Measurement and Thermodynamic Analysis of Micro Jet Engine 

 
*Shunsuke TANAKA (Niigata Univ.), Yusaku MATSUDAIRA (Niigata Univ.) and Koji MATSUBARA 

 Kakuya IWATA (AIST), Hiroyuki KOSHIKIZAWA (YSEC) and Kazuyuki ABE  
 

ABSTRACT 
There are increasing numbers of the automated mechanical and unmanned systems in industry. This trends are 

occurring also in the aerospace engineering. Unmanned Aerial Vehicle (UAV) systems are emerging as new 
technology and are expected to be used for civilian use. NIIGATA SKY PROJECT (NSP) has developed the 
micro jet engine for the industrial UAV systems. The project is participated by Niigata regional companies, AIST 
and Niigata University. This paper describes the measurement and thermodynamic analysis of micro jet engines, 
NSP3 and NSP4. The paper summarizes the experimental data of the thrust, fuel consumption, pressure ratio and 
O2 concentration, and the thermodynamic diagram. 
Key words: Micro Gas Turbine, Turbo Jet Engine, Aero Engine, Thermodynamics Dissection 
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NSP4 Fig. 
1 NSP4 Fig. 2

1 2
3 4

5 6 NSP

NSP4 NSP3
NSP4 NSP3 1.2

NSP4
Fig. 3  

( )  
 

 
Fig. 1 Photograph of NSP4 jet engine. 

 

Fig. 2 Cross section of NSP4 jet engine. 
 

Table 1 Specification of the NSP engine 
 NSP3 NSP4 

Weight 2900 g 4500 g 
Diameter 131 mm 158 mm 
Length 281 mm 337 mm 

Component 

 ( 14) 
 

 ( 29) 
 

Max thrust 17.7 kgf 21.8 kgf 
Max rotation 100,000 rpm 80,000 rpm 

Main fuel ( , ) 
Ignition fuel  

 
(a) Diffuser 

 
(b) Compressor 

 
(c) Burner 

 
(d) Fuel pipe 

 
(e) Turbine 

 
(f) Nozzle 

Fig. 3 Components of the NSP engine 
 

Fig. 3

F mf

P3

T6 K

N
10,000rpm

 
 

 
Fig. 4 Sketch of the setup for the NSP engine 

 
 

Fig.5

17   
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(a) Thrust 

 
(b) Fuel consumption 

 
(c) Pressure ratio 

 
(d) Oxygen concentration in exhaust gas 

Fig. 5 Measured data 

 

 
Fig.6 Air-fuel ratio 

 

Fig. 7 Specific fuel consumption 
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Table 2 Calculation condition 
 Case1 Case2 Case3 Case4 

 
    

 100 [%] 80 [%] 
 100 [%] 80 [%] 
 100 [%] 80 [%] 
 100 [%] 80 [%] 
 100 [%] 90 [%] 
 100 [%] 90 [%] 

LHV 42,900 [kJ/kg] 
R 287 [J/kg/K] 
T0 285.15 [K] 
P0 101,000 [Pa] 

 
 

Fig. 8

 
 

 
(a) NSP3 Thrust 

 

(b) NSP4 Thrust 
Fig. 8 NSP engine thrust 

 
 

 

80%
90%
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Fig. 9 P-v Diagram 
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(a) NSP3 

 
(b) NSP4 

Fig.10 T-s Diagram 
 

ηth

W
 

W = 0.5m(V6
2 - V1

2)           (1) 
ηth = W / mf LHV             (2) 
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Current Studies on Solid Oxide Fuel Cells

*Hideo YOSHIDA (Kyoto University), and Hiroshi IWAI (Kyoto University)

ABSTRACT
Solid oxide fuel cells, SOFCs, are considered as one of the promising options which give high performance 

power generation combined with gas turbine systems. In this paper the basic structure and operating mechanism 
of SOFCs are described, and also the current studies conducted in the authors' group are shown as well as the 
systematic research projects planned by NEDO and JST.

 
Key words: Solid Oxide Fuel Cell, Microstructure, FIB-SEM, Stack, Simulation???
 

 
Solid Oxide Fuel Cell: 

SOFC

SOFC

 
 

 
2.1

SOFC Fig.1

Yttria-Stabilized Zirconia: YSZ
750 20mm 900
1000 SOFC

600
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H2 O2 H2O 2e 1
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Ni
YSZ Ni 3 3

Triple-Phase Boundary: TPB

3

Fig.1 Basic Structure and Electrochemical Reaction
in Solid Oxide Fuel Cell.

1 2 3
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Table 1 Material Used in Air Electrode.

LSM (La, Sr) MnO3

LSCF (La, Sr) (Co, Fe)
O3

Fig.2 Triple-Phase Boundaries in Fuel Electrode.

Fig.3 Triple/Double-Phase Boundaries in Air 
Electrode.

YSZ
Ni

Table 1
2 LSM

YSZ LSM 3
3

YSZ
LSCF
LSCF 2

Double-Phase Boundary: DPB

1cm
2

100Pm

2 

 

10Pm 100Pm

100Pm
10Pm

2.2  

electromotive force 1V

SOFC

LaCrO3 SrTiO3

2.3
100 PEFC

SOFC
PEFC

SOFC

SOFC

500

Fig.4 SOFC

Ni
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Fig.4 Variations in Fuel Reforming.

2.4

open circuit voltage, OCV

OCV

 
Fig.5 I-V Characteristics.

CREST

1999 2004 SOFC

3
3.1 10Pm

2008
Focused Ion Beam – Scanning 

Electron Microscope: FIB-SEM
Fig.6

2
3

(a)

(b)

(c)

Fig.6 Reconstruction of 3D Structure of Porous 
Electrode by FIB-SEM. (a) Schematic View of the 
FIB-SEM Imaging. (b) Cross-sectional Image of a 
Ni-YSZ Anode. (c) Reconstructed Microstructure.
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Fig.8 Thermofluid and Electrochemical Fields
in SOFC with Direct Internal Reforming.
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Fig.9 SOFC

Fig.9 Performance Analysis consisting of SOFC,
Micro Gas Turbine and Absorption Refrigerator.
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4.1
PL

http://www.nedo.go.jp/activities/ZZJP_100060.html
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4.2
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WE-NET World Energy Network
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Fig.10 SIP Energy Carrier.
CO2

CO2

3
http://scienceportal.jst.go.jp/columns/opinion/20150522_02.html

SOFC
SOFC

The Electrochemical Society,
ECS http://www.electrochem.org/ecs/index.htm

SOFC
European Fuel Cell Forum http://www.efcf.com/

1) SOFC
, , Vol.

111, No.1079 (2008) pp.829-8
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Development of Next Generation Gas Turbine Combined Cycle System 

 
*Satoshi HADA, Kazumasa TAKATA, Naoya TATSUMI, Masanori YURI, Masahito KATAOKA 

(MHPS) 
Masahiro ABE, Yoshiaki NISHIMURA, Hiroyuki YAMAZAKI, Kazuyuki TADA, Tomoharu FUJITA 

(Tohoku-EPCO) 
 

ABSTRACT 
Mitsubishi Hitachi Power Systems, Ltd (MHPS) has developed the M501J gas turbine capable of achieving 

the world’s first turbine inlet temperature of 1,600°C and accumulated operational record of J-engine gas turbine 
combined cycle (GTCC) system in global market. For further improvement of GTCC thermal efficiency, Tohoku 
Electric Power Company, Inc. (Tohoku-EPCO) and MHPS have invented forced air cooling system as 
brand-new combustor cooling system for next generation GTCC system. More recently, the forced air cooling 
system verification test has been completed successfully using the demonstration equipment located within 
MHPS Takasago Works (T-point). 
Key words: Gas turbine, Combined cycle, Forced air cooling system, Combustor 
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Fig.1  Developmental Trend of Large Gas Turbine 
Models 
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Fig.2 M501J
 

 
Fig.2  Characteristic of M501J Type GT 

 
M501J

Fig.3 MHPS
T

M501J 2300

36 14
2,100

 

  
Fig.3 MHPS Takasago Works T-point Demonstration 

Combined Cycle Power Plant 
 

GTCC  

3.1   
Fig.4

  
(1) 

  
(2) 

 
(3)  

GTCC

 

 

Fig.4 Forced Air Cooling System 
 
3.2   

Fig.5
J

MT-FIN
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Fig.5  Combustion Liner of Forced Air Cooled 

Combustor 
 
3.3   

Fig.6, 7 T

T

 

 
Fig.6  Appearance of Forced Air Cooling System 
Verification Test Facility 
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Fig.7  Schematic Diagram of Forced Air Cooling 

System Verification Test Facility 
 

Fig.8

100%

 

 
Fig.8  Trend of Forced Cooling Air Compressor 

Operating Point after GT Trip 
 

Fig.9
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T1T=1600

 
Fig.9  Combustion Liner Metal Temperature 

 

2
Fig.10

 

 

 
Fig.10  Turbine Tip Clearance Trend by Three-way 
Valve Switching 
 
3.4  GTCC  
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Fig.11  Rendering of Next Generation GTCC 
Verification Test Facility
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Effect of Increased Power Off-take Due to Electrification of Aero Engines 
*Ryoma OKAMOTO (School of Engineering The University of Tokyo)  

Toshinori WATANABE Keiichi OKAI and Takehiro HIMENO (The Univ. of Tokyo) 
 

ABSTRACT 
Toward significant reduction of emissions, new aircraft/engine systems using electricity are proposed, such as 

More Electric Engine or Turbo-electric Propulsion. Since these electric propulsions give us additional control 
variables of the aero engines, the present study carried out design and off-design analyses of the gas turbine with 
a large amount of off-take power. The results revealed that the power off-take from LP-shaft is acceptable 
because of the small thrust specific consumption and the increase in surge margin. The design analysis also 
showed that the penalty of SFC was mainly determined by the amount of the power off-take, and that it was 
traded off against specific thrust. 
Key words: Aero Engine, More Electric Engine, Energy Management, Turbo-electric Hybrid Propulsion 
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Fig.1 Electric-powered technologies and power level 
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Fig.2 Schematic of approximate compressor map 
 

Fig.3 Schematic of turbo-electric propulsion system 
 

Table 1 Specification of the V2500   
V2527-A5  

[kN] 117.7 117.7 
[kN] 21.5 21.492 

 27.7 27.7 
 1.7 1.7 

 4.75 4.75 
  1500 

   
TSFC( )[kg/h/kgf] 0.38 0.354 
TSFC( )[kg/h/kgf] 0.597 0.603 

[mm] 1600 1744 
[kg/s] 384 340.003 
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Fig.4 SFC penalty due to power offtake 

 

 
Fig.5 Comparison of kp with preceding studies 

 

 
Fig.6 Variation of TIT due to power offtake 

 

 
Fig.7 Variation of core flow rate due to power offtake 
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Fig.12 SFC penalty due to the power assist 

 

 
Fig.13 LPC Operating line with the power assist 
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(a) Take off (Design point) 

 
(b) Cruise (Off design point) 

Fig.14 Variation of shaft-power offtake penalties with specific thrust  

 
(a) Take off (Design point) 

 
(b) Cruise (Off design point) 

Fig.15 Variation of shaft-power assist benefit with specific thrust  
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One of consideration on cycle property of high-bypass ratio turbofan

Isamu Nemoto

ABSTRACT 
Turbofan cycle was examined for the purpose of achieving fuel cost reduction and CO2 reduction by taking

advantage of simple structure of conventional turbofan. According to outside design point performance 
calculation, When slightly reducing fan rotation speed during cruise with high bypass ratio, specific fuel 
consumption rapidly increases. Focusing on this point, simple resolution to change energy distribution on high 
pressure system and low pressure system was sought. As a result, it was found that compressor rotation speed 
can be increased without increasing fan rotation speed when narrowing axis direction angle of existing variable 
inlet guide vane. As with most BPR modulating concepts for the two spool turbofan, the necessary cycle effect 
is to overspeed the HP spool (thereby increasing the core massflow when desired) without adversely 
influencing the LP spool operation. It was therefore revealed that by using VIGV variable cycle can be achieved 
and SFC during cruise can be reduced without installing new variable structure.
Key word: Ultra-High Bypass Engine, Conventional Turbofan, Variable Cycle Engine, Variable Inlet Guide Vane. FPROPT.
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Numerical Analysis of Flow in Linear Turbine Stator Cascade 
with Transpiration Cooling 

Influence of Secondary Flow on Cooling Efficiency  
*Tatsuro SAKAKI and Hoshio TSUJITA(HOSEI Univ.) 

 
ABSTRACT 

In order to further improve an efficiency of gas turbine, it is required to develop a cooling technique which 
reduces the mass flow rate of the cooling air as well as increases the turbine cooling efficiency. Theoretically 
most effective air cooling method is a transpiration cooling, which is expected to achieve the high cooling 
efficiency with reduced mass flow rate of the cooling air. In the present study, the flows in the linear turbine 
stator cascade with the transpiration cooling, which is made by the porous material, were analyzed numerically 
to investigate the influences of secondary flow affected by the inlet wall boundary layer thickness on the 
cooling efficiency. The computed results clarified that the spanwise flows on the blade surface near the endwall, 
which constituted the horseshoe vortex or the passage vortex, influenced the increase of the cooling efficiency 
on the blade surface near the endwall by the migration of the cooling air from the blade surface toward the 
endwall. 
Key words: Transpiration cooling, Porous material, Linear turbine stator cascade, Secondary flow 
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Fig.1  Model configuration and computational grid 

Table 1  Boundary conditions 
Boundary condition Location in Fig.1
Cooling flow inlet i

Cyclic a-e-f-b,d-h-g-c
Main flow inlet a-b-c-d

Outlet e-f-g-h
Symmetry a-d-h-e

Wall b-f-g-c

PM1PM2

Cooling flow

i

i

LE 

TE 
PS 

SS 
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Table 3  Properties of PM2 

Table 2  Properties of PM1 

ε2 Dp2(mm) α(kg/m4) β(kg/m3 s) keff(W/(m K))
0.50 0.50 1.356 105 4.113 104 6.062

ε1 Dp1(mm) α(kg/m4) β(kg/m3 s) keff(W/(m K))
0.10

0.05

3.058 108 1.666 109 0.817
0.12 1.730 108 9.217 108 0.770
0.14 1.065 108 5.544 108 0.730
0.16 6.968 107 3.543 108 0.693
0.18 4.777 107 2.371 108 0.661
0.20 3.398 107 1.645 108 0.631

Fig.3  Relationship between ηp1-min and Psc-ave 
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Acoustic Mode Analysis of Combustion Instabilities In a Low-Swirl Combustor

*Himeko YAMAMOTO(Graduated school of Waseda Univ.), Kota KANAI(Graduated school of Waseda Univ.)
Shigeru TACHIBANA(JAXA) and Tetsuya SATO(Waseda Univ.)

ABSTRACT
In this study, a linear 1-dimensional acoustic analysis and a series of experimental measurements were performed to

elucidate the acoustic mode characteristics of a low-swirl combustor under self-excited combustion instabilities. The
experiment was conducted over a wide range of operating conditions of inlet velocities and equivalence ratios. Optical
measurements such as the OH* chemiluminescence imaging and particle image velocimetry (PIV) were performed with
the multi points measurement of dynamic pressure. A simple heat-release fluctuation model (n− τ model) was introduced
in the acoustic analysis with a time delay and interaction index estimated from the experimental data. The dominant mode
frequency and mode shape from the analysis showed good agreements with those of the experimental data.
Key words: Combustion instability, Low-swirl, premixed flame
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Table 1

1 Kulite WCT-312-5SG
2 Photron FASTCAM-APX 512 x 512px
3 Lambert HiCATT 25D
4 Sodern Cerco2178 F/2.8 100 mm
5 Semrock FF01-320/40
6 Nd:YAG New Wave Gemini PIV
7 CCD LaVision, Imager Pro X4M 2048 x 2048px
8 Nikon AF MICRONIKKOR 105 mm 1:2.8D
9 BPF CVI Laser Optics F03-532.0-4-2.00

10 4 m SiO2

Table 2

Number PT1 PT2 PT3 PT4 PT5 PT6
y[m] 0.4910 0.4705 0.4455 0.3770 0.2770 0.2370

Number PT7 PT8 PT9
y[m] 0.1975 0.1575 0.065
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CFD Analysis of Acoustic Liners using Building-Cube Method 
Fundamental Study of Grazing Flows on a Slit Resonator  

*Takanobu NAGASAKI, Daisuke SASAKI, Hidemi TOH (Kanazawa Institute of Technology)  
and Kenichiro NAGAI, Tatsuya ISHII (JAXA)  

 
ABSTRACT 

Acoustic liners are commonly used to damp engine noise in turbofan engines. CFD/CAA hybrid analysis is 
one of the methods to evaluate the absorption effect of an acoustic liner. In this study, fundamental CFD study of 
grazing flows on a resonator is conducted by using block-structured Cartesian-mesh CFD solver, because 
Cartesian-mesh is capable to compute complicated geometries such as the liner. Block-structured 
Cartesian-mesh solver, Building-Cube Method (BCM), is applied to the flows on a resonator and the results are 
compared with other CFD to investigate the reliability of the solver. The influence of boundary conditions of 
inflow and walls near the resonator is also investigated through the present study. 
Key words: CFD, Acoustic Liner, Grazing Flow, Resonator, Cartesian mesh  
 

 

20
1)

International Civil Aviation Organization 
(ICAO) 2)  

 
( + + )

3, 4)  

5) )

 

Building�Cube BCM 6,7, 8) 

9)

 
 

 
2.1 Building�Cube  

BCM6) 

BCM Fig.1
Cube

Cube Cell
Cube

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                         212 / 264



Cube
Cube

Cube
Cube

Cube
 

3
BCM7) 

Fractional Step

3 2
2 2

Adams-Bashforth
Cube 2

Cube
 

 

 

Fig.1  BCM Computational Mesh Arrangement 
 (Bold Line: Cube, Thin Line: Cell) 

 
 
2.2

Tam
9) Fig.2

Tam
2

3
Fig.3

2
  

 
 

60cm

25.4cm

 
(a) Entire Computational Domain 

5.745cm

5.08cm

0.318cm
0.635cm

 
(b) Resonator Region  

Fig.2  Computational Domain and Size (cm) 
 

 
Fig.3  3D Computational Domain 

 
2.3

Fig.4

Tam

30m/s

0.635 cm

Fig.4

Table 1
4 Tam

case1  

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                         213 / 264



0.635cm

0.634cm

 
Fig.4  Computational Boundaries and Boundary 
Conditions (Opening Zone at Enlarged View  

 
Table 1  Boundary Conditions 

 case 1 case 2 case 3 case 4
   
  
  
 

( )    

 
( )  

 
 
2.4

Cube
Fig.5 Cube

2
Cube Cube

Cube 163 Cell

0.058594 600
Table 2  

 

 
Fig.5  Cube Arrangement in Entire Computational 

Domain 
 

Table2 Computational Mesh Information 
Cell  6,602,752

Cube  1,612 
Cube Cell  163 

 [cm] 0.058594 
 
 
 

3.1
Tam

case1

Fig.6

Fig.7

Tam
Fig.8

 Tam

3

 
 

 
Fig.6  Streamlines at Entire Computational Domain 

 
 

 
Fig.7  Streamlines with Circulating Direction at 

Resonator 
 
 
 
 

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                         214 / 264



 
(a) Present CFD 

 
(b) Tam 

Fig.8  Comparison of Streamlines at Resonator 
 

3.2
case1

case3 Fig.9

 
case2 case4

 
 

 
Fig.9  Streamlines of case3 (Uniform Inflow) 

BCM
Tam

3

  

 1) :  
, http://www.jadc.or.jp (2015). 

 2) ICAO: ICAO 2013 Environmental Report, 
http://cfapp.icao.int/Environmental-Report-2013/ (2013). 

 3) : 
(3)

52
CD-ROM  (2014)  

 4) 
: 

2015  (2015)  
 5) Fukushima, Y., Sasaki, D., Nakahashi, K.: Cartesian 

Mesh Linearized Euler Equations Solver for 
Aeroacoustic Problems around Full Aircraft, International 
Journal of Aerospace Engineering, Vol. 2015, Article ID 
706915 (2015). 

 6) Nakahashi, K., Kim, L. S.: Building-Cube Method for 
Large-Scale, High Resolution Flow Computations, AIAA 
Paper, 2004-0423 (2004). 

 7) :  
Building-Cube Method

45 /
2013 (2013)  

 8) Sasaki, D., Nakahashi, K.: Rapid Large-Scale Cartesian 
Meshing for Aerodynamic Computations, 29th Congress 
of the International Council of the Aeronautical Sciences 
(ICAS2014), St. Petersburg (2014). 

 9) Tam, C. K. W., Ju, H.: Numerical Simulation of a Slit 
Resonator in a Grazing Flow, AIAA Paper 2006-0799 
(2006).

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                         215 / 264



43 2015.9 

C-11 

 

IHI  
 

Multi-Electrode Plasma Actuator to Improve Performance of  
Flow Separation Control 

 
*Masataka SUGAHARA, Takashi MATSUNO (Tottori Univ.),  

Norio ASAUMI, Shinsuke MATSUNO, Masahito YAMAGUCHI (IHI) 
 

ABSTRACT 
The flow control performance of trielectrode (TED) plasma actuators was analyzed in wind-tunnel 

experiments. The thrust generated from the TED actuator and the corresponding induced jet varied 
depending on the DC voltage applied. It has been found the thrust from the Single Dielectric Barrier 
Discharge (SDBD) actuator is remarkably improved for a same AC voltage by adding a high DC voltage.  
In low speed wind-tunnel tests, the TED actuator outperformed the classic SDBD actuator regarding 

separation control on the NACA0012 airfoil at Reynolds number at 6.0×105 the plasma actuator was 
mounted on the leading edge of the airfoil. The experimental results show that the TED plasma actuator 
has an advantage in the flow control performance compared to the SDBD plasma actuator. In particular, 
the TED actuator delayed flow separation to a higher angle of attack compared to the SDBD actuator 
Key words: Multi-Electrode Plasma Actuator, Flow Separation Control 
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Fig. 1  Schematic configurations of SDBD and 
Trielectrode plasm actuators. 
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Fig. 2  Photograph of the NACA0012 airfoil model. 

 
Fig. 3  Schematic of the plasma actuator located on 

airfoil leading edge of the airfoil. 

  
(a)  SDBD actuator (b)  TED-SD actuator 
Fig. 4  Photographs of the plasma actuators in operation 

on the airfoil model. 

Table 1  Specification of the TED plasma actuator. 
Dielectric material PTFE 

AC frequency: fac [kHz] 13 
AC voltage: Vac [kVpp] 15.6 
DC voltage: Vdc [kV] -20 21 

Electrode material Copper 
Dielectric layer thickness [mm] 1.08 

Buried electrode width [mm] 40 
Exposed electrode width [mm] 5 

Overlap of electrodes [mm] 0 
Discharge length [mm] 255 
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Fig. 6  Thrust characteristics of the TED plasma 
actuator (Vac = 15.6kVpp, fac = 13kHz)Thrust 

characteristics of the TED plasma actuator (Vac = 
15.6kVpp, fac = 13kHz) 
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Fig. 7  Mean velocity fields without plasma actuator in 

30 m/s flow. 
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 (a)  SDBD actuator (Vac=15.6kVpp, Vdc=0kV) 

 

 
(b)  TED-SD actuator (Vac=15.6kVpp, Vdc=-20kV) 

 
Fig. 8  Mean velocity fields with plasma actuator on the 

quiescent air. 
 
 

 
(a)  AOA = 22 degrees 

 

 
(b)  AOA = 22.5 degrees 

 

 
(c)  AOA = 23 degrees 

 
Fig. 9  Mean velocity fields with the SDBD actuator in 

30 m/s flow. 
 
 

 
(a)  AOA = 22 degrees 

 

 
(b)  AOA = 22.5 degrees 

 

 
(c)  AOA = 23 degrees 

 
Fig. 10  Mean velocity fields with the TED-SD actuator 

in 30 m/s flow. 
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Boundary Layer Relaminarizaion in Supersonic Expansion Flow 
 

*Hiroki SANADA(Univ. of Tokyo ), 
 Susumu TERAMOTO and Koji OKAMOTO(Univ. of Tokyo) 

 
ABSTRACT 

In this research , it is interested in relaminarization which effects turbine efficiency of low pressure turbine with 

lower Reynolds number and higher load of blades. Therefore, supersonic expansion relaminarization is analyzed 

RANS and LES at ,  for relaminarization mechanism and simulating method. In LES results, 

it is shown that turbulence is generated in upper stream of expansion corner by rescaling method. On the other 

hand, it is shown that turbulence disappears in downer stream of expansion corner and velocity fluctuations 

decrease. So future topics of discussion is grid resolution downer stream of expansion in order to determine either 

numerical or physical relaminarization. 

Key words: Supersonic, Relaminarization, Expansion corner, Computational Fluid Dynamics, LPT 
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Table.1 Specification of experiment 

Inlet Mach No.  1.76 

Reynolds No.  5000 

Expansion deg  12 [deg] 

Boundary Layer   10 [mm] 

Skin friction coefficient  0.00225 
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Fig. 1 Sketch of the supersonic flow. 

Fig. 2 Numerical grid. 
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Fig.3 Rescaling method. 
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Fig.4 Supersonic flow field around expansion corner. Arrows for -7,3, -0.5, 0.1, 0.6, 3.2 7.0 and 9.8. 
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(a)  Velocity profile. Velocity increment 0.1 is 

added for clarity. 

 

(b) Velocity increment 0.1 and is added for clarity. 
Fig.5 Velocity and temperature profiles for 

=-7,3, -0.5, 0.1, 0.6, 3.2 7.0 and 9.8.  Open and 
closed symbols denote experimental data for  
and  respectively. Solid lines are LES results 
and dashed lines are RANS results. 

Fig.6(a) expansion 

corner

RANS LES

expansion corner

Fig.6(b)

 

 

RANS, LES expansion corner

expansion corner

, 

expansion corner .

expansion corner

 

 

(a) Wall pressure 

 
(b) Skin friction coefficient. Open , cross and closed 
symbols denote experimental data from formula, 
momentum balance and slope of the logarithmic 
profiles respectively 
Fig.6 Wall pressure and skin friction coefficient. 
Solid lines are LES results and dashed lines are 
RANS results. 
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Fig. 7 LES turbulent intensity for =-7,3, -0.5, 

0.1, 0.6, 3.2 7.0 and 9.8. 
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Fig.8  Reynolds shear stress, for =-7,3, 
-0.5, 0.1, 0.6, 3.2 7.0 and 9.8.  increment 
0.005 is added for clarity. 

Download service for the GTSJ  via 18.223.209.231, 2025/05/17. 

                         226 / 264



 

 
Fig.9 LES velocity profiles plotted in wall coordinates 
for =-7,3, -0.5, 0.1, 0.6, 3.2 7.0 and 9.8. 
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Analysis of opposite impinging jets interaction in crossflow 
 

*Takahisa NAGAO(IHI) and A.Koichi HAYASHI(Aoyama Gakuin Univ.) 
 

ABSTRACT 
In order to evaluate a mixing of fuel with dilution air in jet engine, unsteady turbulent flow analysis is 

performed in a simplified combustor. The flow channel consists of the opposed jets and cross-flow, which are 
normal to each other. A mixing behavior are studied using parameters, spacing of jet holes (S), height of duct (H), 
jet diameter (D) and momentum flux ratio of jet and crossflow (J). In previous study, the result is found that 
mixing performance is concerned with the parameter C=S/H*sqrt(J). And, the previous results suggested that the 
mixing performance is sensitive by the positional relation with a potential core and collision plane of two jets. In 
this study held a discussion about the flow behavior of opposing jets interaction area. 
Key words: Jet engine, Combustor, Opposed jets, mixing, LES 
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Fig.1 Schematics of RQL gas turbine combustor 

 

 

Fig.2 Explanation of geometric parameters S,H,D 
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Fig.3 Outline of flow passage configuration 

 
Table 1 Conditions of calculated cases 

S/D H/D Name J 
5.0 10.0 S5-H10 36 
2.5 5.0 S2.5-H5 36 
3.75 5.0 S3.75-H5 16 
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Table 2 Numerical methods and mesh conditions 

CFD code OpenFOAM 2.1.0 reactingFOAM 

Equation Incompressible Navier-Stokes 

Turbulent Smagorinsky model (LES) 

Wall Spalding law 

Cell Unstructured, Hexahedron 

Discretization Blended 2nd order central with 1st 
order upwind 9 1  

Parallelization Region splitting, 100 CPUs 

Min., Ave Δx 0.2mm, 2mm 
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Fig. 5 Unmixedness distribution at C=3.0 
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Fig.6 Iso-surface for a jet mass fraction of 0.4 at two 
specific times 
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Effects of Blade Tip Shapes on Turbine Tip Clearance Flow Control
Using Ring-type Plasma Actuators

*Takayuki MATSUNUMA, Takehiko SEGAWA (AIST)

ABSTRACT
Innovative “ring-type” dielectric barrier discharge (DBD) plasma actuators have been developed to facilitate 

active control of the tip leakage flow of a turbine rotor. For the fundamental experiments using flat plates with 1
mm tip clearance, particle image velocimetry (PIV) was used to obtain velocity distributions near the plate tip 
region. In this study, effects of tip shapes of the flat plate were examined using four plates with flat and flat 
edges (FF), flat and round edges (FR), round and flat edges (RF), round and round edges (RR). The 
forcibly-induced tip leakage flow was decreased by means of the plasma actuator flow control at constant input 
peak-to-peak voltage, 12.8 kV, and various frequencies from 10 kHz to 16 kHz. The most effective tip shapes 
were the FF-type under the frequency of 14 kHz, and the RR-type for the higher frequency of 16 kHz.

Key words: Plasma actuator, DBD, Active flow control, Turbine, Tip clearance, Tip leakage flow, Tip shape
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Numerical Analysis of Liquid Droplet Impingement Erosion  
on Compressor Cascade 

*Masaya SUZUKI (JAXA) and Makoto YAMAMOTO (Tokyo Univ. of Science) 
 

ABSTRACT 
Blade erosion and pipe wall thinning are one of the most serious problems in power plant operation. The 

analysis of wall damage is a critical issue for the safety and to increase the operation rate of power plants. One 
of the main causes of wall damage of power generation facilities is the liquid droplet impingement (LDI) erosion. 
In this study, we have developed a numerical procedure to predict the LDI erosion damage and performance 
deterioration. In the present study, the simulation of LDI erosion is carried out for a compressor cascade using 
the newly developed solver. 
Key words: Compressor, Erosion, Gas-Liquid Two-Phase Flow, Computational Fluid Dynamics 
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MHPS  

 
CFD Analysis of Water Droplet Behavior in Compressor  

 
*Makoto Koizumi, Motoaki Utamura(Tokyo Tech), Nobuyoshi Tsuzuki (IAE), 

Takanori Shibata and Chihiro Myoren (MHPS)  
 

ABSTRACT 
Two dimensional numerical simulation on water droplet behavior in axial flow compressor is conducted in 

which break-up and coalescence of droplets are considered. Then the profile of erosion depth along blade 
surface is predicted based on a newly developed algorithm to accommodate multi-dispersed droplet size. The 
algorithm is verified by Ito’s empirical correlation. The above method is applied to the first stage of compressor 
of gas turbine with inlet fogging system, the following results are obtained. (1) Large droplets are likely to break 
up into small ones around the leading edge of the rotor blades depending on their rotating speed. (2) Erosion 
depth predicted with break-up model is smaller than the one without break-up model.   
Key words: Compressor, Inlet Fogging, Erosion, Water droplet, Gas turbine, CFD 
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Table 1 Verification of parcel approximation algorithm 

Operation condition Unit Primary
droplets

Secondary
droplets

Diameter D μm 18 100
Number ratio of impact
droplets N 1/m2/s 1.73E+12 9.25E+10

Velocity Vn m/s 320 330
Vickers hardness H 350 350
Operation time hr 2000 2000
Ito's correlation(1)
(5)

(-) 1.02 6.96

Solution of FLUENT
(6),(7) (-) 1.00 6.69
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Damage and Degradation Assessment Technologies for Heavy-Duty Gas Turbine 
Hot-Gas-Path Components 
*Yomei Yoshioka (Ehime Univ.)  

 
ABSTRACT 

Maintenance cost reduction with reliability through evaluating the actual condition of the components, assessing 
the life and then regenerating is one of the most important concerns to a gas turbine user. Typical component 
damages and material degradation experienced in 1300ºC-class gas turbine are briefly explained here with the 
assessment technologies, such as material degradation and component damage assessment technologies.  
Key words: Life assessment, Degradation, Damage, Microstructure,  
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Fig.2 Change of mean ’ diameter with aging up to 
24,000 hours at 750-900ºC in IN738LC. 
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(a) Relational database system

(b) Max. crack size vs. start cycles

(c) Max. crack progress after crack initiations  
Fig.4 Statistical analysis method for the component 
damage assessment by using relational database system 
and the results. 
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Development of Long Life Extension Technology for
Gas Turbine Hot Parts

For life cycle of high-temperature parts of gas turbine, there are problems with shortage of service life, including 
Crack,Creep and,abrasion damage .Therefore Gas turbine parts needs many mentenance cost under severe 
environments they are used.  

We developed life assessment method of turbine nozzle using crack groth evolution and crack mechanism, 
assess life of transition piece using long time creep test under low pressure and temperature. And abrasive 

resistance technique using triple coating layer on transition piece  
So,we can cost down mentenance one for gas turbine hot parts. 

Fig.1 Transition Piese of Gas Turbine 
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2.1.2
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(Fig.2) 

Iso Stress method

            Fig.2 Result of Creep test
3
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Development of nondestructive inspection technique of TBC 
 

*Tetsuo FUKUCHI, Takayuki OZEKI, Mitsutoshi OKADA and Tomoharu FUJII  
(Central Research Institute of Electric Power Industry) 

 
ABSTRACT 

Thermal barrier coating (TBC) is applied to high temperature components such as gas turbine blades and 
combustors. Various kinds of damage and deterioration of TBC occur upon operational use, such as topcoat thinning, 
topcoat delamination, and formation of a thermally oxide (TGO) layer at the topcoat-bondcoat interface. These can be 
evaluated using different nondestructive inspection techniques, such as terahertz waves for topcoat thickness 
measurement, active thermography for delamination detection, and photoluminescence for TGO layer detection. An 
inspection flow of TBC incorporating these techniques is proposed. 

Key words: Thermal barrier coating, Nondestructive testing, Terahertz waves, Active thermography, 
Photoluminescence 
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Fig. 1. Schematic diagram of topcoat thickness measurement 
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2)  
TBC

Fig. 2 Table 1

10Pm
3)  

 
Table 1. Measurement result of topcoat thickness by terahertz 
wave and microsopic observation of the cross section 

 
 

 
[Pm] 

 
[Pm] 

a 177 4 173 13 2.3%
b 204 5 195 60 4.6%
c 266 6 260 10 2.3%
d 254 6 243 10 4.5%
e 200 5 189 11 5.8%

 

 
Fig. 2. Topcoat thickness measurement positions 
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Fig. 3.  Schematic diagram of topcoat delamination detection 
using active thermography with laser heating 
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  (a) before delaminated part   (b) at delaminated part 

 
  (c) immediately after        (d) after delaminated part 
    delaminated part 
Fig. 4. Detection result of artificial topcoat delamination using 
active thermography with laser heating 
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(a) schematic diagram 
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Fig. 5. Configuration of TGO detection device 
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Fig. 6. Photoluminescence measurement result of TBC 
specimens heated in air and unheated specimen 
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Fig. 7  Proposed inspection flow of TBC 
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Trouble Condition Sign Discovery for Thermal Electric Power Plants 
Analogy of Trouble Condition Sign for Hydroelectric Power Plants

*Takashi Onoda (CRIEPI) 

ABSTRACT 
Electric power companies collect different sensor data and weather information to maintain the safety of 

hydroelectric power plants while the plants are running. We have to find trouble condition sign from the 
collected sensor data and weather information. In this paper, we describe a trouble condition sign discovery 
method, which consists of two detection stages. In the first stage, we can discover trouble condition signs, which 
are different from usual condition data. And in the second stage, we can monitor aging degradation. Our 
proposed method is based on a one class support vector machine and a normal support vector machine. And the 
proposed method can be adopted to find trouble condition sign of thermal electric power plants. 
Key words: Outlier Detection, SVM, hydroelectric power plant, thermal electric power plant 
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Table 1 
 4  5  6  7  

0.0012 0.0000 0.0018 0.1168
0.0088 0.0000 0.0000 0.0011

 8  9  10  11
0.0030 0.0000 0.0015 0.0000
0.0006 0.0006 0.0000 0.0000

 12  1   
0.0000 0.0000 
0.0000 0.0000 
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Gas Turbine Condition Diagnostic Technique 
Online diagnosis utilizing the remote monitoring system

*Naotaka MIKAMI(MHPS) 

ABSTRACT 
Gas turbine combined cycle power plant requires high reliability in order to stably supply power. To meet the 

demand, MHPS has provided remote monitoring service to support customers’ plant operation on 24-hour basis.
Unplanned outage caused by trouble has a significant impact on power plant owners and therefore it is important 
to find early sign of trouble and solve the trouble before it will become serious. Our Remote Monitoring Center 
has developed diagnostic system applying advanced pattern recognition technique called “Mahalanobis-Taguchi 
method” and it makes us possible to online diagnose gas turbine condition and prevent major trouble. 
Key words: Gas Turbine, Diagnosis, Remote Monitoring System, Mahalanobis-Taguchi Method 
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R&D Project of Advanced Gas Turbine for Stable Electricity Grid
in Renewable Energy Era

Current Situation and Future Plan of NEDO Project
*Toshinori WATANABE (The University of Tokyo)

ABSTRACT
The project proposal made by GTSJ R&D team has been adopted as a project of New Technology Leading 

Program managed by NEDO. The project focuses on the advanced technology of gas turbines in the future 
electricity grid which includes various kinds of renewable energy systems. The key technology would be rapidly 
responding gas turbines with highly efficient part-load performance. The R&D team is composed of industries, 
research institutes and universities, and is currently executing the feasibility study under close collaboration 
among GTSJ members.
Key words: Gas Turbine, R&D, Renewable Energy, Industry-University Cooperation
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