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A-2

A Study of Mistuned Cascade Flutter in LPT 
*Hiroaki HATTORI, Mizuho AOTSUKA, Naoki TANI (IHI) and Junichi KAZAWA (JAXA)

ABSTRACT 

In this paper, effect of frequency mistuning on flutter stability of Low Pressure Turbine (LPT) cascade are 

studied. Stability analysis including the frequency mistuning caused within manufacturing tolerance range are 

performed by utilizing simple ROM method (FMM) and compared with the experimental result obtained by the 

tests with full annular LPT nozzle rig conducted in Altitude Test Facility in JAXA. It was found that the typical 

tendency appeared in the experiment (localization of each blade’s vibration amplitude, significant variation of 

inter blade phase angle, and appearance of multi frequency peaks) can be explained by referring the 

characteristics of worst stable modes these are obtained by the analysis. Also found that, mistuning within the 

engineering tolerance range will have very small effect on bottom value of aerodynamic damping unlike 

intentional mistuning, but will have finite effect on the flutter-onset mass flow rate. 

Key words: Blade, Flutter, Turbine, Mistuning 
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Fig.1 Profiles of test cascades

Fig.2 Measurement Result of Blade Natural 

Frequency (Cascade 1, 1T Mode) 

Fig.3 Physical Data Measurement Position
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Fig.4 Mass Flow vs. Max Value of Blade 

Displacement 

 Blade No.51 

Blade No.55 

Fig.5 Mass Flow vs. Inter Blade Phase Angle 

(Cascade 1) Blade51

Fig.6 Localization of Blade Vibratory Response 

Table1 Inter Blade Phase Angle of  

Representative Blade 
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Fig.7 Result Summary of M. C. Simulation 

(Blade Natural Frequency Scatter vs. Aerodynamic 

Damping) 
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Fig.8 Analysis Result of Tested Cascade1 

(IBPA vs. Aerodynamic Damping) 

Fig.9 Mass Flow vs. Least Aerodynamic Damping 

 (Tested Cascade1) 
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Fig.10 Analysis Result on Tested Cascade1 

(Natural Frequency vs. Aerodynamic Damping) 

Fig.11 Vibratory Amplitude Distribution 

 (Least Stable Mode) 

Fig.12 Vibratory Amplitude Distribution 

 (Lower 5 Modes) 
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Fig.13 IBPA Distribution (Lower 4 Modes) 
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45 2017.10 

A-4

Numerical Analysis of the Characteristics of a Transonic Cascade Flutter Wind 
Tunnel using Overset Mesh Method 

*Atsushi TATEISHI, Toshinori WATANABE, Takehiro HIMENO, and Seiji UZAWA
(The University of Tokyo) 

ABSTRACT 

This paper presents a numerical method and its application for an assessment of the flow field inside a wind 

tunnel using overset mesh technique. A whole transonic cascade wind tunnel is directly modelled in order to extract 

key parameters of wind tunnel setup to realize the targeted flow conditions. In addition, the effect of wind tunnel 

wall on the motion-excided aerodynamic force is assessed in detail based on unsteady simulations. From the steady 

flow simulations, the existence of an optimum throttle position for the best periodicity is shown, which provides 

appropriate aerodynamic characteristics of ideal cascades in the wind tunnel environment. Unsteady simulations 

with blade oscillation reveals that the difference in the aerodynamic influence coefficients between ideal and wind 

tunnel configurations becomes large when the pressure amplitude increases on the lower blades. 

Key words: Cascade wind tunnel, Aeroelasticity, Computational fluid dynamics, Overset mesh 
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Fig. 1  Schematic of simplified transonic cascade wind tunnel in the UT

(a) Whole view and components

(b) Definition of geometrical parameters in the test section (c) Measurement lined around the cascade

Table 1  Cascade parameters and flow condition 
Chord length c = 45.15mm
Pitch width s = 27.09mm
Span width l = 50mm

Stagger angle = 55deg
Camber angle 10deg

Inlet total pressure pt = 1.72×105Pa
Inlet Mach number 1.2
Reynolds Number 1.2×106
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Fig. 2  Iterative donor search process and overset mesh around the test section.  

(a) Overset, WT (b) Multi-block
Fig. 3 Mesh around the blade 0

Fig. 4  Mach number distributions for the baseline case

(a) Whole flowfield through the nozzle throat, test section, and downstream the cascade 

(b) Wind tunnel configuration (c) Ideal, infinite cascade 
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Fig. 7  Effect of throttle closing angle  
on the static pressure distribution along ML2 

Fig. 8  Effect of downstream uniformity on the outflow 
characteristic of the cascade

Fig. 6  Effect of transonic wall suction  
on the inflow uniformity

(a) No suction

(c) Mach number and flow angle along ML1

(b) vs = 6 [m/s]

Fig. 5  Cp distributions for the baseline case 
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Fig. 10  Distribution of unsteady Cp amplitude around the oscillating blade. White line shows the position of the tunnel wall.

-2

-1

0

1

2

3

-2

-1

0

1

2

3

-2

-1

0

1

2

3

-2

-1

0

1

2

3

Download service for the GTSJ  via 216.73.216.204, 2025/07/04. 

                           19 / 308



50Hz

0

600Hz Fig. 10 (c), 

(d) Fig. 10 (c) 

-3

Fig. 10 (d) 

(1) 

(2) 

 1) Fransson, T. H. and Verdon, J. M.: Updated Report on 
"Standard Configurations for Unsteady Flow Through 
Vib-rating Axial-Flow Turbomachine-Cascades", http:// 
www. energy.kth.se/proj/projects/Markus Joecker/STCF/, 
(1991). 

 2) Ren, W., Seeley, C. E., Zhang, X., Mitchell, B. E., and Ju, 
H.: Investigations of Flutter and Aero Damping of A 
Turbine Blade Part 2: Numerical Simulations, ASME 
Paper (2016), GT2016-57935. 

 3) Vogt, D.: Experimental Investigation of Three-
Dimensional Mechanisms in Low-Pressure Turbine 
Flutter, Royal Institute of Technology Ph.D Thesis (2005), 
pp. 80-92. 

 4) Lepicovsky, J., McFarland, E. R., Chima, R.V., and Wood, 
J.R.: On Flowfield Periodicity in the NASA Transonic 

Flutter Cascade, J. Turbomach 123(3) (2000), pp 501-509. 
 5) Buffum, D. H. and Fleeter, S.: Wind Tunnel Wall Effects 

in a Linear Oscillating Cascade, J. Turbomach 115(1) 
(1993), pp. 147-156. 

 6) Buffum, D. H. and Fleeter, S.: Effect of Wind Tunnel 
Acoustic Modes on Linear Oscillating Cascade 
Aerodynamics, J. Turbomach 116(3) (1994), pp. 513-524. 

 7) Corral, R. and Gisbert, F.: A Numerical Investigation on 
the Influence of Lateral Boundaries in Linear Vibrating 
Cascades, J. Turbomach 125(3) (2003), pp. 433-441. 

 8) Ott, P., Norryd, M., and Bölcs, A.: The Influence of 
Tailboards on Unsteady Measurements in a Linear 
Cascade, ASME Paper (1998), 98-GT-572. 

 9) , , , , : 

, 
Vol. 79, No. 806 (2013), pp. 

2120-2133. 
 10) Aotsuka, M., Watanabe, T., and Machida, Y.: Role of 

Shock and Boundary Layer Separation on Unsteady 
Aerodynamic Characteristics of Oscillating Transonic 
Cascade, ASME Paper (2003), GT2003-38425. 

 11) Watanabe, T. and Aotsuka, M.: Unsteady Aerodynamic 
Characteristics of Oscillating Cascade With Separation 
Bubble in High Subsonic Flow, ASME Paper (2005), 
GT2005-68665. 

 12) Kazawa, J. and Watanabe, T.: Active Suppression of 
Cascade Flutter with Piezoelectric Device, ASME Paper 
(2006), GT2006-90645. 

 13) , , , , : 

, 44
 (2016), A-1. 

 14)  Hanamura, Y., Tanaka, H., and Yamaguchi, K.: A 
Simplified Method to Measure Unsteady Forces Acting on 
the Vibrating Blades in Cascade, Bulletin of JSME, Vol.23, 
No.180 (1980), pp 880-887. 

 15) Tateishi, A., Watanabe, T., Himeno, T., Aotsuka, M., and 
Murooka, T.: Verification and Application of Fluid-
Structure Interaction and a Modal Identification Technique 
to Cascade Flutter Simulations, Intl. J. Gas Turbine, 
Propulsion and Power, Vol. 8, No. 3 (2016), pp. 20-28. 

 16) Shima, E.: Role of CFD in Aeronautical Engineering 
(No.14) -AUSM Type Upwind Schemes-, NAL-SP30, 
Proceedings of 13th NAL Symposium on Aircraft 
Computational Aerodynamics (1996), pp. 41-46. 

 17) Spalart, P. R. and Allmaras, S. R.: A One-Equation 
Turbulence Model for Aerodynamic Flows, Recherche 
Aerospatiale 1 , (1994), pp. 5-21. 

 18) Chan, W. M., Kim, N., and Pandya, S. A.: Advances in 
Domain Connectivity for Overset Grids Using the X-rays 
Approach, Proceedings of the Seventh International 
Conference on Computational Fluid Dynamics (2012), 
ICCFD7-1201. 

 19) Quon, E. W. and Smith, M. J.: Advanced Data Transfer 
Strategies for Overset Computational Methods, 
Computers & Fluids 117 (2015), pp. 88-102. 

Download service for the GTSJ  via 216.73.216.204, 2025/07/04. 

                           20 / 308



45 2017.10

A-5

Unsteady Aerodynamic-Structural Analysis of Very Low Load Last Stage Blades 
in a Large Scale Steam Turbine for Power Generation Plants

*Tadashi TANUMA (TEIKYO Univ.), Hiroshi OKUDA, Gaku HASHIMOTO (Univ. of TOKYO)
Naoki SHIBUKAWA, Kenichi OKUNO, Tomohiko TSUKUDA (TOSHIBA) 

and Kumi AKIYAMA (Office KEI)

ABSTRACT

For conventional designs of large scale steam turbines in power generation plants, turbine stages and blades 

were designed using design data from wind turbine tests and steady 2D and 3D CFD analyses. These analyses were 

conducted mainly with design conditions. Consequently, these blade designs were optimizations at each design 

conditions. However substantial design constraints are usually occurred at very low load conditions. This 

presentation will report a part of our current study regarding unsteady aerodynamic-structural analysis of very low 

load last stage blades in a large scale steam turbine for power generation plants. Measured static pressure distribution 

data in a mode steam turbine were used as the last stage exit boundary condition for the current full arc CFD analysis. 

Key words: Aerodynamic-Structural Analysis, Steam Turbine, Design, Unsteady Flow, CFD

2 3

Download service for the GTSJ  via 216.73.216.204, 2025/07/04. 

                           21 / 308



NUMECA “Fine /Turbo”

Fig. 1 1 90%

22.3m/s

Fig. 1 Unsteady static pressure distributions on a
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Fig. 2 Unsteady CFD mesh for 360 degree full arc 

calculations ( Only mesh block frames are shown for 

visibility)
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Distribution at 90% blade height
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Aerodynamic Performance Improvement by Reducing Tip Clearance Loss
at Turbine Front Stages 

*Hiroshi WATANABE, Daigo FUJIMURA, Takeshi NAKAMURA,
Yasuro SAKAMOTO, Koichi ISHIZAKA (Mitsubishi Heavy Industries, Ltd.) 

ABSTRACT

Tip leakage loss at turbine front stages accounts for the greatest proportion of turbine losses. Therefore, for 

further improvement of the turbine performance, it is the essential way to reduce the tip leakage loss.

In this paper, a new geometry concept for turbine front stage blades is studied which can reduce tip clearance 

loss and secondary loss associated with tip leakage flow. The mechanism of loss reduction is identified by 

investigating flow-fields from CFD results, and a high speed rotating cascade experiment is conducted to 

validate the effect of the blade shape improvement. 

Key words: , ,  ,

Gas Turbine, Tip Clearance, Lean, Sweep, CFD, Rotating Cascade Experiment
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A-16

Research of engine performance optimum control under high altitude environment 

*Takeshi TAGASHIRA, Kiyoharu KUNIYASU and Nanahisa SUGIYAMA
(JAXA: Japan Aerospace Exploration Agency)

ABSTRACT

For the realization of performance optimization control of a turbo fan engine, we carried out preliminary engine 

tests under various flight conditions using the altitude test facility. This paper describes some results of these tests. 

This study is carried out as part of Green Engine Project in Japan Aerospace Exploration Agency (JAXA). A 

miniature turbofan engine, NE2013, was developed by JAXA. The engine is inherently multi-input and multi-

output system, having plural variable geometry features, such as variable nozzle and variable stator. The core of 

unmeasurable variables in real time.

Key words: ATF, Performance Optimum Control, Turbofan Engine, Kalman Filter, CGEKF
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A-17

An Effect of Performance change due to humidity and rain

* Hisao FUTAMURA(JAXA)

ABSTRACT

JAXA has been promoting the aeronautical directorate research activities reflecting the world 

air-transportation growth and technology demand for future society. Three practical programs are conducted for 

environmental, safety, and innovation. New engine cycle analysis program is developed accounting for real gas 

effect and liquid water. Engine water injection test results are evaluated.

Key words: Performance, Water ingestion, Augmentation, Thermodynamics
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Cycle characteristics of ultra-high bypass ratio ducted turbofan

Isamu Nemoto

This lecture is the sec ual Analysis on High-Bypass-Ratio Turbofan
last year. The following two points are considered as the factors of the cycle which intervenes the ultra-high 
bypass ratio ducted turbofan.
1) The low pressure compressor causes surging on the part road in the ground environment.
2) Nacelle resistance and weight increase due to expansion of fan casing dimension.
It was found by off design performance calculation of the turbofan that combination of variable core nozzle and
variable inlet guide vane of high pressure compressor (or LPC variable stator) increases core flow at low speed
and decreases the core flow at high speed.
Therefore, this method can promote ultra-high bypass ratio ducted turbofan because it prevents LPC surging at 
low speed in the ground environment, reinforces thrust at maximum climb, and increases bypass ratio without 
increasing fan spool speed at cruise to reduce the specific fuel consumption.

Key word: Ultra-High Bypass Engine, Ducted Turbofan, Surging, Variable Core Nozzle, Variable Inlet Guide Vane.
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A-21

Prediction on delamination life for thermal barrier coating under thermal cycling 
with uniform temperature distribution

* Mitsutoshi OKADA, Isao YURI, Tohru HISAMATSU(CRIEPI)
Hideyuki ARIKAWA, Yoshitaka KOJIMA, Takeshi IZUMI (MHPS)

ABSTRACT

Test specimens with thermal barrier coating (TBC) deposited on Ni-base superalloy are subjected to furnace 

cycle tests, where the whole specimen has a uniform temperature distribution during the heating process. The

heating temperatures are 1123K, 1273K and 1373K, and the heating hold time is 10 hours or 100 hours. Topcoat 

is delaminated in the vicinity of thermally grown oxide (TGO) that is formed on the bondcoat surface during 

heating. This ensures that TGO is dominant factor of the delamination in the test. The number of cycles to 

delamination is related with the inverse of the temperature while the holding time varies. Based on the relation, 

the number of cycles to delamination is expressed as a function of the hold time and the temperature. This equation 

is effective for the TGO-dominant delamination of TBC under the thermal cycling condition with a uniform 

temperature distribution at heating process.

Key words: Thermal barrier coating, Delamination, TGO, Furnace cycle test, Life prediction
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Fig. 7 Relationship between number of cycles to 

delamination and heating temperature

Fig. 8 Comparison between predicted and experimental 
number of cycles to delamination
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A-23

Degradation Evaluation of Long-Term Serviced Gas Turbine Blades
with High-Efficiency Cooling Structure

*Akihiro ITO and Daisuke KOBAYASHI (Chubu Electric Power Co., Inc.)

ABSTRACT

Conventional and high-efficiency cooling structured (modified) gas turbine blades were inspected for the 

evaluation of degradation. No remarkable cracks, deformation, oxidation or corrosion were observed on the

surface of the modified blades. To evaluate the degree of degradation of the conventional and modified blades 

during in-service, destructive inspections were conducted. By the cross-

phases in the substrate were slight observed in the airfoil section of the modified blades. Creep rupture lives at 

high temperatures in the substrate of the modified blades were superior to the conventional ones. The results 

showed that degradation due to the long-term operation of the modified blades was insignificant.

Key words: High-Efficiency Cooling Structure, Degradation, Gas Turbine Blade, Thermal Barrier Coating 

1)

Fig.1

(a) Conventional Blade (b) Modified Blade

Fig.1 Appearance of the GT Blades, Tested
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1)
44

(2016) pp.141-142
2) Akihiro Ito and Daisuke Kobayashi Degradation 

Evaluation of 1,300 -class 1st-stage Gas Turbine Blade 
after Long-Term Service Proc. Int. Gas Turbine Congress 
Tokyo (2015) TuPMC.

(a) Conventional Blade (b) Modified Blade
Fig.2 Optical Micrographs in the Cross Section of the Interface

(a) Conventional Blade (b) Modified Blade
Fig.3 SEM Micrographs in the Cross Section of the Substrate

Fig.4 Creep Rupture Life of the Substrate at 50% 
of the Airfoil Height Suction Side

Fig.5 Creep Rupture Life of the Substrate at 50% 
of the Airfoil Height Pressure Side
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Emissions of cross collision stagnation point stabilized combustion for the first 
stage of a liquid fueled lean-lean multistage combustor

*Kota SAKAI (Hosei Univ.), Yu NAKAJIMA, Shingo ITO, Kichi YOKOYAMA
and Shigeru HAYASHI (Hosei Univ.)

ABSTRACT

A pair of cylindrical jets of kerosene sprays prepared by twin-fluid pre-filming atomizers, surrounded by 

non-swirling co-axal air flow, are so impinged at a cross angle of 60 degrees that the mixture jet flowing toward 

the dome wall can result in a cylindrical combustion chamber.  Fuel flow was generally equally split between 

the two injectors though some emission measurements were conducted at unequal fuel splits. Atomization revel 

of the sprays was varied by the flow rate of air to the atomizer and droplet size distributions and global spray 

patterns were measured for each flowrate settings.  This paper describes the effects of atomizing air flow rate, 

dome height, fuel split, and overall equivalence ratio on the NOx emissions and combustion efficiency for 

normal temperature air at atmospheric pressure.

Key words: Low-NOx emissions, Cross-impinging jets of sprays, Pre-filming atomizer
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Zd

Fig.1 Schematic drawing of the combustor. 

Fig.2 Schematic drawing of the injector. 
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Fig.5 Photographs of flames showing effects of atomizing air flow rate, ma, on flame structure for annular jet air 
flow rate, mj 6 

Download service for the GTSJ  via 216.73.216.204, 2025/07/04. 

                         119 / 308



Fig.7 Photographs of flames showing effects of 
2 and dome 

part length, Zd on flame structure for equivalence ratio 
on the rig 1 = 0.7 atomizing air flow rate, 

ma = 2.4 g/s annular jet air flow rate, mj = 20 g/s. 
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Fig.9 NOx emissions and combustion efficiency vs. 
Adiabatic gas temperature, Tb, for different atomizing 

air flow rate, ma (Zd = 40mm). 
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Visualization and Numerical Analysis of Annular Combustor for Micro Gas 
Turbine

*Kazunori YAHATA (Niigata Univ.), Koji MATSUBARA and Yusaku MATSUDAIRA (Niigata Univ.)
Hiroyuki KOSHIKIZAWA and Kazuyuki ABE (YSEC)

ABSTRACT

The micro gas turbine is mainly used as a small generator. Recently it is expected to be applied to small 

aircraft and vehicles. However, it is difficult because a micro gas turbine which has an annular combustor using 

liquid fuel has not been commercialized. This micro gas turbine needs to improve fuel evaporation tubes, adopt 

fuel injectors and change figures of combustor in order to achieve high efficiency combustion. In this regard, 

NIIGATA SKY PROJECT (NSP) has been developing a micro jet engine, which has an annular combustor and 

fuel evaporation tubes. This paper reports combustion phenomenon of micro gas turbine by visualization 

experiment of combustion and numerical analysis using the NSP6 micro jet engine as a model.

Key words: Micro Gas Turbine, Annular Combustor, Visualization, Numerical Analysis, Fuel Evaporation Tube

NIIGATA SKY PROJECT NSP

NSP6

NSP6

Fig.1 Table 1

Fig. 1 NSP6 Jet Engine

Table 1  Specifications of NSP6 Jet Engine

4500[g]
158[mm]
337[mm]
11.8[kgf]

65,000[rpm]

Fig.2

3
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698.9 [g/s]

Fig.3

189.07 [g/s]

Fig.4

 

Fig. 2 Experimental Systems 

 

 

Fig. 3 Roots Blower 

 

 
Fig. 4 Cross Section of Combustor
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PDF
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6

1/1

Fig.5 Fig.6

 
Fig. 5  Cross-Section of Combustor Model 

 

Fig. 6  Air and Fuel Stream 

Fig.7

Fig.7 10mm

 

Fig. 7  Close-Up of Fuel Evaporation Tube 

Fuel Flow, Nozzle Exit

Fig.8

2571

 

Fig. 8  Computational Grid 

6 Fig.8
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PDF
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Fig.9

 

Fig. 9  Mean Temperature against Mixture Fraction 
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(a) 40
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(c)

80

80

Fig.11 2.33[g/s]

(a)
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Fig.10

 
Fig. 10  Picture of Combustion : Fuel Flow = 2.33[g/s] 

 

Fig. 11  Fast Camera Picture : Fuel Flow = 2.33[g/s] 

3.05[g/s]

40 Fig.12

Fig.11 40

40

Fig.13

3.05[g/s]

Fig.13 68[ms]

 
Fig. 12  Picture of Combustion : Fuel Flow = 3.05[g/s] 

 

Fig. 13  Fast Camera Picture : Fuel Flow = 3.05[g/s] 
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Fig.14 (A)

(a)

(b)

Fig.14 (B) (A)

 
Fig. 14  Cross-Sections for Visualization 

 

Fig.15

2293[K]  

 

Fig.16 Fig.17

 
Fig. 15  Temperature Contour 

 

Fig. 16  Mass Fraction of C10H22 
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Fig. 17  Mass Fraction of O2 
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Research and development of ammonia gas turbine combustor

*Osamu KURATA(AIST), Norihiko IKI(AIST), Takahiro INOUE(AIST),
Takayuki MATSUNUMA(AIST), Taku TSUJIMURA(AIST), Hirohide FURUTANI(AIST), 

Hideaki KOBAYASHI(Tohoku Univ.) and Akihiro HAYAKAWA(Tohoku Univ.)

ABSTRACT

Ammonia is focused as a hydrogen energy carrier and carbon free fuel. National Institute of Advanced Industrial 

Science and Technology (AIST) collaborated with Tohoku University successfully performed an ammonia 

combustion gas turbine power generation in 2015. However, the weakness of the facilities was that they required 

large-size Selective Catalytic Reduction (SCR) equipment in order to suppress a high concentration of NOx. 

Although NOx reduction in the combustion process is desirable, low NOx combustion technology is difficult 

because ammonia had been thought of as a source of fuel-NO. AIST prepared a combustor test rig to test combustor 

alone without a compressor or turbine. Difference of the combustion conditions between the combustor test rig 

and gas turbine combustor was checked. Fuel flow rate, air flow rate, combustor pressure, combustor inlet 

temperature, and NO concentration were compared. Results show that the combustion conditions of combustor 

test rig are able to be the same as the gas turbine combustor, although the pressure of the test rig is little lower.

Key words: Micro gas turbine, Ammonia, Combustion, Low NOx combustion
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Fig. 1   Schematic of gas turbine and combustor test rig
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Fig.2   Piping flow diagram
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Fig.7,8

CH4,NH3 Air

Pcomp Fig.5

Psuply

Combustor inlet temperature: CIT

Combustor outlet temperature: 

COT  

Fig.7 2016/08/23

200 m3/h

CH4 290 L/min 1300 m3/h

590

Table2

300 kPa abs Table2

 

Fig.8 2016/10/19
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Reynolds number Re [-] 2.12×105

Max velocity U [m/s] 40

Inlet angle [°] 0 - 70

Aspect ratio [-] 2.25

Solidity [-] 1.00

Number of wings 7
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Trial Manufacture and Operation of an Experimental Small Gas Turbine 
 

*Kiichi Miyagi, Kyohei Kawabata, Yuki Mizuno (Graduate School, Kochi University of Technology), 
Osamu Nozaki and Yasukata Tsutsui (Kochi University of Technology) 

 
ABSTRACT 

A small prototype gas turbine consisting of a turbocharger and a combustor has been operated as 
experiments. Air compressors were used to start up, but when stopping the compressor the prototype 
gas turbine also stops, so we designed and fabricated a bell mouth with a nozzle. We measured the 
temperatures in the combustor, at the inlet and the outlet of the turbine, and it turned out that the 
turbine outlet was at the maximum temperature and the combustion was not completed in the 
combustor. Therefore, the combustor is presently under improvement design. 

Key words: gas turbine 
 

 

 

 

Fig. 1 R

LP

Table 1

 

Fig. 1 Prototype gas turbine 

 

Table 1  Specification of prototype gas turbine 

 

Prototype Gas turbine Span mm 500
Width mm 405
Height mm 610
Fuel LPG

Centrifugal Compressor Number of Blades 8
Diameter mm 38

Radial Turbine Number of Blades 9
Diameter mm 35
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Fig. 2
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Fig. 3

Fig. 4
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Fig. 6
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Fig. 2  Combustion test 

 

 
Fig. 3  Ejector 

 

 
Fig. 4  Nozzle and bell mouth 

 

 

Fig. 5  Exit velocity with bell mouth 
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Fig. 6  Exit velocity distribution in vertical direction 
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Fig. 8 Angular characteristics of kiel probes
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Fig. 11 Fig. 10

Fig. 12

Fig. 9  Experiment of the operation 

 

Fig. 10 Time variation rotational speed and 

 total pressure 

Fig. 11 Temperature variation(1)

Fig. 12 Temperature variation(2)

Solid Works Flow Simulation

Flow Simulation

Fig. 13

Fig. 14
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Fig. 

15 16

12

LP

30° 8

4.8mm

Fig. 17

Fig. 

18

Fig. 19

Fig. 20

21

Fig. 13  Liner before improvement 

 

Fig. 14  Streamlines and velocity countour for  

liner before the improvement 

 

Fig. 15  Liner under improvement 

 

Fig. 16  Liner under improvement  

viewed from Liner exit 

 

Fig. 17 Streamlines and velocity contour for liner 

with straight sleeves 
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Fig. 18 Streamlines and velocity contour for liner 

with oblique sleeves 

 

Fig. 19 Comparison of flows between straight and 

oblique sleeves 

 

 
Fig. 20  Residence times for liner with oblique sleeves 

 

Fig. 21  Residence times for reverse swirler holes 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

JAXA

 

 Makida, M., Yamada, H., Kurosawa, Y., Yamamoto, 
T., Matsuura, K., Hayashi, S.: PRELIMINARY 
EXPERIMENTAL RESEARCHES TO DEVELOP 
A COMBUSTOR FOR SMALL CLASS 
AIRCRAFT ENGINE UTILIZING PRIMARY 
RICH COMBUSTION APPROACH, ASME Turbo 
Expo 2006: Power for Land, Sea and Air. 
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(at Full Load, ISO Conditions)

28kW

25%

96000rpm

280

0.9W×2.4H×3L (m)

2000kgf

Output power

Thermal efficiency

Rotational speed

Exhaust gas temperature

Dimensions

Weight

No.
Compressor
inlet temp.

T1c [ ]

Initial
relative
humidity
RH0 [%]

Water
injection rate

mw [kg/s]

Air mass
flow rate
ma [kg/s]

Injection
ratio

1 32.3 37 0 0.33 0

2 32.3 37 0.00182 0.33 0.55

3 33.2 37 0.00342 0.33 1.05
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C-2

Hot Corrosion Behavior of Ni-base Single Crystal Superalloys  

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

ABSTRACT 

Hot corrosion properties of typical single crystal (SC) superalloys, ranging from 1st to 6th generation alloys, 

were evaluated at type  corrosion temperature (700°C) and at type corrosion temperature (900°C) in 

75%Na2SO4+25%NaCl salt mixture. It became clear that 6th generation alloy has the highest corrosion 

resistance in both conditions, whereas the 1st generation alloy has the lowest resistance.

Key words: Sulfidation, Hot corrosion, Ni-base single crystal superalloy  
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45 2017.10

C-3

High Temerature Strengths and Microstructure of Precipitation-Hardening Ni-
Based Superalloy Manufactured by Selective Laser Melting

*Koji KAKEHI(TM Univ.) and Yo HIRATSUKA(TMU Univ.)

ABSTRACT

Selective Laser Melting (SLM) is a kind of additive manufacturing process. The aim of this study is to 

investigate relationship microstruture and mechanical properties in -precipitation-hardened Nickel base 

superalloy, Inconel 939, which was manufactured by SLM, comparing with the conventional cast alloy. The as-

built specimen had columnar fine grains which long axis was oriented along <100>. Recrystallization occurred 

during heat treatment and creep test. Creep life of SLM specimen was shorter than that of cast specimen because 

of recrys -phase. Recrystallization heat treatment was found to improve 

creep properties of the SLM specimen.

Key words: Selective Laser Melting, Inconel 939, -precipitation-hardened Ni base superalloy, Recrystallization

Ni

IN939

0.15C- 22.4Cr- 19Co- 2W- 1Nb- 1.4Ta- 3.7Ti-

1.9Al- 0.1Zr- 0.01B- Ni bal. (mass%)

Inconel 939 Figure 1

IN939 IN718 Al, Ti

2) EOSM290

(SLM) 45 mm

( SLM ) 100 mm

80 mm (

, cast) 3.1 mm

2.8×3.0×19.6 mm

( ) )

STA

DA as-built

as-cast

h ( )

Re Recrystallized

Fig.11) Effect of Al and Ti content on susceptibility to 

strain - age cracking in Ni - base superalloys.

3.1 

Figure 2 IPF
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SLM <100>

DA STA

(Fig.2(b),(c)) STA

(Fig.2(d))

Fig.2 EBSD IPF maps of (a) as-built, (b) DA, 

(c) STA, (d) as-cast specimens.

3.2

Table 1 SLM

SLM

650

DA STA as-built

816

as-built DA STA

816

3.3

Figure 3 650 816

SLM

as-built

Fig.4 as-built

as-built

Fig.5 200 MPa

STA SEM

Cr-rich M23C6

3) SLM

Table 1 Tensile properties at high temperatures
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Fig.3 Creep curve (b) 816
200 MPa.

Fig.4 EBSD IPF map of the as-built specimen ruptured 

C and 200 MPa.

Fig.5 Precipitates along the grain boundary near fracture 

surface in the STA specimen after creep rupture test at 

200MPa.

3.4

(1240 

Figure 6

Re IPF Re

As-built <001>

(Fig.2(a))

Figure 3

Re

SLM

Fig.6 EBSD IPF map of the Re specimen.

1. SLM

2. SLM

3.

SLM

1) Welding Metallurgy and Weldability of Nickel-Base 
Alloys, J. N. DuPont, J. C. Lippold, S. D. Kiser, John 
Wiley & Sons, Inc, (2009)

2) P. Kanagarajah, F. Brenne, T. Niendorf, H.J. Maier,
Mater. Sci. Eng. A588(2013), 188–195

3) ASM Specialty Handbook: Heat-resistant materials,
ASM international, ed. by J.R Davis, (1997)
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45 2017.10

C-4

Direct and Complete Recycling of Ni-base Superalloy for 
Turbine Airfoils in 20kg Class Ingot Melting

Satoshi UTADA, *Tadaharu YOKOKAWA, Makoto OSAWA, Toshiharu KOBAYASHI, 
Kyoko KAWAGISHI, Hiroshi HARADA (NIMS), 

Taketo IGUCHI, Shinsuke SUZUKI (Waseda Univ.), Takashi YONEDA (Yoneda Advanced Casting)

ABSTRACT

Used and scrapped turbine blades were directly melted and cast into the master ingot by utilizing lately 

The recycling method has a potential to reduce material cost 

of the superalloys drastically due to its simple procedure. In this study, the method has been scaled up from 2kg 

class laboratory experiment to 20kg class small industrial demonstration. The creep strength and the oxidation 

resistance of the single crystal samples, which were cast from the recycled ingot, are equivalent to the original 

genuine material. The results are similar to the 2kg class experiment and the recycling method is successfully 

scaling up into practical use.

Key words: Ni-base superalloys, Single crystal, Recycle, Creep, Jet engine, Gas turbine, Turbine airfoil
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2kg

(

)

 

 

PWA148420) 1

( 30kg)

CaO

Al2O3 1200°C

CaO Al2O3

CaO

Al2O3 CaO

Al2O3

20kg 7kg

20kg

20kg 1600°C

5min, 

15min, 40min 3

 

(NIMS)

200mm/h

1484-R40CA

 

(1) 1484-R5: 1600°C 5min

 

(2) 1484-R40: 1600°C 40min

 

(3) 1484-R40CA: 

1484-R40 PWA148

(

)  

PWA1484

(  1315°C 4h  1080°C 4h 

  704°C 24h)20)  

Table1 X

<001>

10°

( 4mm 20mm)

1100°C-137MPa 900°C-392MPa 2

5mm 9mm

#600

1100°C 1h 1h 1

(scanning electron microscopy: 

SEM)  

 
Table 2

2kg 9,10) W, Ta, 
Re
Ni-Co-Cr-Al-Y

1484-R40CA  
Table 3

1484-R5 1484-R40

CaO

20kg

 

 

 

Table 1 Chemical composition analysis methods 

Analysis method Elements 

Inductively coupled plasma- optical 

emission spectrometry (ICP-OES) 

Ni, Co, Cr, Mo, 

W, Al, Ta, Hf, 

Re, Zr, Fe, Si 

Combustion-infrared absorption C, S 

Inert gas fusion-infrared absorption O 

Inert gas fusion-thermal conductivity N 
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Table 2 Chemical composition of major alloying elements (wt%)

Samples Co Cr Mo W Al Ta Hf Re Ni

Nominal PWA1484 [20] 10.0 5.0 2.0 6.0 5.6 8.7 0.1 3.0 Bal.

Analyzed

Genuine PWA1484 ( ) 9.70 4.97 1.90 6.00 5.72 8.83 0.09 3.09 Bal.

1484-R5 9.73 5.20 1.90 5.87 5.37 8.42 0.09 3.02 Bal.

1484-R40 9.86 5.18 1.88 5.79 5.45 8.63 0.09 2.87 Bal.

1484-R40CA 9.67 4.96 1.99 6.28 5.59 8.94 0.07 3.37 Bal.

Table 3 Analyzed impurity contents (ppm)

Samples S O N C Zr Fe Si

Genuine PWA1484 ( ) 2.2 1.7 1.8 40 17 130 580

1484-R5 <1 3.0 1.8 150 59 480 260

1484-R40 <1 4.0 5.3 200 73 550 250

1484-R40CA 2.1 4.0 2.9 120 61 470 230

Fig. 1 Result of creep tests at 1100°C-137MPa. 

1484-R40CA shows the best creep rupture life 

by Counter Alloying.

Fig. 2 Result of creep tests at 900°C-392MPa. 

1484-R40CA shows creep rupture life equivalent 

to the genuine material.

Fig. 3 Microstructure after the creep tests at 1100°C

-137MPa and 900°C-392MPa.

1100°C-137MPa 900°C-392MPa

Fig. 1 Fig. 2

1484-R5 1484-R40

2kg

1484-R40CA

1100°C-137MPa 900°C-392MPa

SEM Fig 3

TCP

2kg
10)

2kg
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C-5

Creep Properties of Ni-base superlloys built by Selective Laser Melting
and Electron Beam Melting

*Azusa KAMIGAICHI, Yen-Ling KUO, Koji KAKEHI (Tokyo Metropolitan University)

ABSTRACT

Effect of microstructure on creep properties in the additive-manufactured (AM) superalloy was investigated. 

Additive-manufactured specimens of IN 718 were built by electron beam melting (EBM) and selective laser melting

(SLM). EBM alloy showed the similar microstructure of the directionally-solidified alloy. In the as-built state of 

SLM alloy, some precipitates were observed in the as-built, STA and DA samples. were 

precipitated along interdendric region in SLM alloy, respectively. along interdendric region brought 

about the inferior creep strength. In the as-built state of EBM alloy, was precipitated along sub-grain 

boundaries. As a result, EBM alloy showed the superior creep properties.

Key words: Superalloy, Inconel 718, Additive Manufacturing, Electron Beam Melting, Selective Laser Melting
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IN 718)
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3

1
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(SLM, selective laser melting)

(EBM, electron beam melting)
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SLM EBM
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as-built
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(solid solution heat treatment) (aging heat 
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solution heat treatment and aging;)

SEM(EBSD) TEM
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Fig. 1 EBM as-built SLM as-built
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IPF

EBM 

as-built 001

SLM

EBM as-built SLM as-built SEM

Fig. 2 EBM as-built

SLM as-built

Figs. 3, 4 EBM SLM

as-built

STA Fig. 3b TEM

EBM as-built

SLM as-built

(Fig. 4a) EBM as-built

(Fig. 3a,b)

EBM

(Fig. 3c) (Fig. 3a)

TEM-EDS

Ni, Nb, Mo

Fe

SLM-STA

SLM as-built Laves (Fig.

4b)

(Fig. 4c)

SLM

(Fig. 4d)

Fig. 5 EBM SLM

SLM EBM

STA EBM

SLM

Figs. 6, 7 EBM SLM

As-built EBM

(Fig. 7a,b)
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SLM

(Fig. 6a) Figure 6b Fig. 7 c,d STA

EBM as-built (Fig.7 a,b)

(Fig.7 c,d) SLM as-built (Fig. 6a)

(Fig.

6b)

Fig. 5 Creep curves of EBM and SLM specimens in 
as-built and STA conditions. (650 C / 550 MPa)

Fig. 7 Fracture surfaces of EBM (a),(b)as-built and 
(c),(d)STA specimens.

Fracture surface of EBM (a) as-built and (b),(c)
STA specimens on the side view.

EBM SLM SLM

EBM as-built STA

Fig. 6
2)

Nb Mo Fig. 4b

Nb

Laves SLM
2)

as-built Laves

SLM STA as-built

Fig. 4c

2) EBM SLM STA

as-built

EBM as-built STA Fig. 7

Fig.8 as-built

STA

SLM

EBM

(Fig. 3a,c)

IN 

718 EBM-STA

Fig. 6 Fracture surfaces of SLM (a)as-built and (b)STA 
specimens.
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as-built

(Fig. 3b,d)

EBM as-built STA

EBM SLM IN718

1. as-built EBM

<001> SLM

EBM SLM

2. SLM as-built

Laves

STA

STA

EBM

3. EBM as-built

STA

1) Fencheng Liu at el, Optics & Lasser Technology, 

(2011), pp.208-213.

2) Y-L. Kuo, S. Horikawa, K. Kakehi, Scripta Materialia 

129 (2017) 74–78
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45 2017.10

C-6

Ni IN625

High Temperature Strength Properties and Microstructure of Ni-based Solid 
Solution Strengthening Superalloy IN625 Built up by Selective Laser Melting

*Ryoya ISOBE and Koji KAKEHI (TMU Univ.)

ABSTRACT

Effects of build direction and laser scan strategy (two strategies were used; rotation angle is 67° and 90°) 

on tensile properties of Ni-based superalloy built up by selective laser melting (SLM) were examined 

comparing with conventional cast specimen. The tensile strengths of SLM samples were higher than cast 

sample at the 650°C despite conditions. But the ductility of SLM samples were lower than cast sample, 

furthermore horizontal-direction samples were lower than vertical-direction ones. The low ductility is due 

to the fracture along the grain boundary which is arrayed in the direction perpendicular to the tensile load 

direction. The EBSD analysis revealed SLM specimens were found to consist of columnar grains and 

equiaxed grains. The elongated columnar grains are oriented in the {001} along the building direction, 

especially 90°-scanned specimen.

Key words: additive manufacturing, selective laser melting, superalloy, Inconel 625, scan strategy, tensile 

test
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Inconel 625(Special Metals IN625)
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45 mm 

67° 90° 67/67 90/90

(Fig. 1) 3.1 mm
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0° / 90°
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/ OM SEM(EBSD)

X Z

(Fig. 2) 650°C  

 

 

Fig. 1 Schematic images of 67°and 90° scan strategies. 

 

 
 

Fig. 2 Schematic images for cutting tensile specimens . 

 

3.  

3.1  

Fig. 3 (a)67/67 (b)90/90 

as-built Z Z

IPF Fig. 4 X Z

IPF Fig. 5 cast IPF

Fig. 4

90/90

X 15

Fig. 3 Z

Fig. 5

1 mm

 

 

 

Fig. 3 IPF maps (Z direction) of as-built specimens on 

Z plane of (a)67/67 block and (b)90/90 block. 

 

 

 

Fig. 4 IPF maps (Z direction) of as-built specimens on 

X plane of (a)67/67 block and (b)90/90 block. 
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Fig. 5 IPF map of the cast specimen. 

 

3.2  

Fig. 6 650°C

1.7

67/67 90/90

0° 90°

0° 1/2

90° 1/3  

Figs. 7-9

Fig. 7 (a) 67/67 (b) 90/90 0°

Fig. 8 (a)67/67 (b)90/90

0° Fig. 9 (c)67/67 (d)90/90

90° Fig. 7  

(a) (b)

MPB(Molten Pool Boundary)

Figs. 8, 9

90/90

Fig. 9(b)

15 IPF

 

 

Fig. 6 Tensile properties of as-built and cast specimens 

at 650°C. 

 
Fig. 7 Fracture surfaces of as-built 0deg. specimens of 

(a) 67/67 block, (b)90/90 block after tensile test at 

650°C (Top). 

 
Fig. 8 Fracture surfaces of as-built 0deg. specimens of 

(a) 67/67 block, (b)90/90 block after tensile test at 

650°C (side). 

 

 
Fig. 9 Fracture surfaces of as-built 90deg. specimens 

of (a) 67/67 block, (b) 90/90 block after tensile test at 

650°C (side). 

 

4.  

4.1  

Figs. 3, 4 67/67 90/90
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(a)X (b)Y IPF

X, Y, Z

{001}

Fig.11  

Fig. 10 Schematic illustrations of laser beam paths and 

heat input areas on each layer. (a) shows 4 laser paths 

along Y direction on nth layer. (b) shows 4 laser paths 

along X direction on (n+1)th layer. (c) shows sum of 

(a) and (b).3) 

 

 

 

Fig. 11 IPF maps ((a)X direction, (b)Y direction) of 

as-built specimens on X plane of 90/90 block. 
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(2014), pp. 713-721 

(3) 44

10 (2016) 

(4) D.C.Pradha, K.K.Sharma and S.N.Tewari, Journal of 

Materials Science, (1986), pp. 2871-2875 

 

 

Download service for the GTSJ  via 216.73.216.204, 2025/07/04. 

                         198 / 308



45 2017.10

C-7

EBM SLM

Mechanical Properties and Microstructure of Stainless Steel Fabricated by Electron 
Beam Melting and Selective Laser Melting

*Kazuki AKINO and Koji KAKEHI (TMU)

ABSTRACT

In our previous work, it was found that tensile and creep strengths of selective laser melting (SLM) 

process specimens were higher than that of plastic forming (PF) specimen because SLM specimens had 

dislocation cell structures and high dislocation density in the solid-solution-strengthening stainless steel, 

SUS316L. Wherein this study, we compared the mechanical properties between SLM and electron beam 

melting (EBM) process specimens. We clarified the results as follows; the SLM specimens had high 

misorientation angle and the zigzag grain boundaries because heating and cooling were repeated over the 

SLM process. The EBM specimens had very few misorientation angle and the {001} grains were

orientated to the built direction because the powder bed temperature maintained at 700~1000°C.

Furthermore the EBM specimens showed the mechanical properties similar to those of the PF SHT

(Solution Heat Treatment) specimen.

Key words: additive manufacturing, selective laser melting, electron beam melting, austenite stainless 

steel, solid-solution alloy, built direction, molten pool boundaries

3D

AM: Additive Manufacturing

3D
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1)
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Treatment
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1) SLM EBM PF

2.8 mm 3.0 mm

18 mm

 

X

Z

 

PF SHT SLM

EBM as-built

SHT SHT Ar

1080 °C 1 h

4.63×10-4 s-1

24 °C 600 °C

600 °C 0.2% SLM

260 MPa 0.2%

EBM 115 MPa PF SHT

150 MPa

SLM EBM 0.2%

90% PF SHT 0.2% 90%

OM Optical 

Microscope

HITACHI S-3700N SEM: Scanning Electron 

Microscope EBSD: 

Electron Backscatter Diffraction

IPF: Inverse Pole Figure

KAM: Kernel Average 

Misorientation  

SEM/EBSD SLM EBM 

as-built X IPF KAM

Fig. 1 Fig. 2 as-built

Z IPF Fig. 3 SLM

EBM SHT X IPF Fig. 4

SHT Z IPF Fig. 5

PF SHT IPF KAM

Fig. 6 Fig. 7

IPF

KAM

0~5°

IPF KAM

Table 1

 

 

Fig. 1 IPF maps of (a) SLM and (b) EBM as-built 

specimens on X plane. 

 

 

Fig. 2 KAM maps of (a) SLM and (b) EBM as-built 

specimens on X plane. 

 

 

Fig. 3 IPF maps of (a) SLM and (b) EBM as-built 

specimens on Z plane. 
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Fig. 4 IPF maps of (a) SLM and (b) EBM SHT 

specimens on X plane. 

 

Fig. 5 IPF maps of (a) SLM and (b) EBM SHT 

specimens on Z plane. 

 

 
Fig. 6 IPF map of PF SHT specimen. 

 

 

 
Fig. 7 KAM map of PF SHT specimen. 

 

Table 1 Average grain diameter and standard variation 

of each sample. 

 

 

As-built X SLM

EBM SLM

SLM

{001} Fig. 

1 SLM 5°

EBM

Fig. 2 SLM

EBM Table 1 As-built

Z SLM

SLM EBM

Fig. 3 SHT

X SLM

EBM SLM

Fig. 

4, Table 1 SHT Z SLM EBM
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EBM {001}

Fig. 5, Table 1  

 

Table 2 Tensile properties 

 

 

Table 2 24°C 600°C

24°C SLM

EBM 90deg 0deg 0.2%

SLM

EBM 0.2%

SLM EBM

2

EBM SLM

1.8

PF SHT EBM PF SHT

SLM

PF SHT

EBM SLM

2 600°C

24°C

SLM 0.2% EBM PF

1)

 

 

(a) SLM, EBM, and PF SHT specimens. 

 

(b) EBM specimens. 

 

Fig. 8 Creep curves of SLM, EBM, and PF SHT 

specimens at 600°C. 

 

Fig. 8 SLM EBM as-built

PF SHT SLM

90deg 0deg

EBM 0deg 90deg

0.2%

90% SLM EBM

PF SHT SLM

700 h EBM

700 h

PF SHT

 

SLM as-built

5°

50~90°C 106-7 K/s 2)

Figs. 1, 2 SLM SHT EBM 
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SHT

SLM

EBM as-built

{001}

EBM

700~1000°C
3) SUS316L

<001> 4)

 

SLM 0.2%

90deg 0deg

MPBs
1) 0deg

SLM

50~90°C MPBs

0deg

EBM

700~1000°C

SLM

 

SLM 0.2 %

EBM PF SHT

SLM

 

 

(i) SLM EBM

 

(ii) SLM

Z

 

(iii) EBM

700~1000°C

{001}

 

(iv) EBM PF SHT

 

1) K. Akino and K. Kakehi: J.Japan Inst.Met.Mater. 80 

(2016) 772-777. 

2) Q. Jia and D. Gu: Opt. Laser Technol. 62(2014) 161-171. 

3) TRAFAM: Kinzoku Sekiso Gijutsu Nyumon, pp. 52. 

4) W. Kurz and D.J. Fisher: Fundamentals of Solidification, 

(1998) pp. 69. 
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45 2017.10

C-8

MoSiBTiC Ti

Effect of Ti addition on the microstructure formation 
and material properties of MoSiBTiC alloys

*Tomotaka HATAKEYAMA (Graduate school of Engineering, Tohoku. Univ.)
and Kyosuke YOSHIMI (Tohoku Univ.) 

ABSTRACT

1st generation MoSiBTiC alloys, mainly consists with Moss, Mo5SiB2(T2) and TiC phase, are expected to be 

novel ultra-high temperature materials due to their excellent ultra-high temperature strength as well as 

acceptable fracture toughness. Since they suffer poor oxidation resistance at elevated temperature, this study 

focuses on the introduction of oxidation resistant phase, Ti5Si3, for MoSiBTiC alloys by macro alloying of Ti 

and Si and investigated the dependence of Ti concentration on the microstructure formation, density, 

high-temperature strength and oxidation behavior. Mo-16Si-7B (at. %) and Mo-14Si-6B-xTi-6C (at. %, x = 

6-28) were prepared by arc-melting. Ti5Si3 phase became stable when Ti concentration reach 28 at. % with an 

increased volume fraction of Moss phase and Ti5Si3 containing alloy showed lower density as well as better

high-temperature strength than 1st generation MoSiBTiC alloys. In addition, as expected, it exhibited superior

oxidation resistance compared with other alloys .

Key words: Ultra-high temperature materials, Microstructure formation, Oxidation behavior, High temperature 

strength

1, 2)

Ni

3) Ni

( )

2)

Ni

MoSiB

TiC MoSiBTiC
4) 4)

4, 5)

6)

MoO3
7)

MoSiB

700-800
8-9)

MoSiBTiC

MoSiB SiO2

8-9) Si

Si

Moss Mo3Si
10) Moss

6)

Mo3Si
11)

MoSiBTiC

Moss Si

MoSiB Mo Ti

Mo3Si Ti5Si3
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12) Ti5Si3

13)

MoSiBTiC

MoSiBTiC

Ti5Si3
MoSiBTiC Si

Mo Ti

Ti

 

 

Table 1 Sample composition (mol%) 

Alloy Mo Si B Ti C 
Base 77 16 7 - - 
6Ti 66 14 6 6 6 
19Ti 55 14 6 19 6 
24Ti 50 14 6 24 6 
28Ti 46 14 6 28 6 

 

 

Table 1 5

Base

(Moss)-Mo3Si-Mo5SiB2(T2)
14) 6Ti Mo:Si:B Base

TiC 6 mol%

19 24 28Ti 6Ti Mo

Ti Mo (

99.99 mass%) Si ( 99.999 mass%) B

( 99.5 mass%) Ti ( 99.99 mass%)

TiC ( 99 mass%)

Ar

Ar 24

(SEM) X (SEM-EDX)

X (XRD)

(SEM-EBSD)

4×2×2 mm3

2.1×10-4 s-1

4×3×0.7 

mm3 4×3 mm2 0.1 

mm

4×3×0.5 mm2

(TGA) 40 ml/min Ar

30

10 ml/min O2

SEM

SEM-EDX XRD

 

 

Fig.1 BSE image of as-cast alloys (a)Base (b)6Ti 

(c)19Ti (d)24Ti (e)28Ti 

 

 

Fig.2 BSE image of heat-treated alloys (a)Base (b)6Ti 

(c)19Ti (d)24Ti (e)28Ti 

 

 

3.1  

Fig. 1 Base
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Moss Moss-Mo3Si-T2

6Ti Mo3Si

T2 Moss-Mo3Si-T2-TiC

19Ti TiC

Moss T2

Moss-Mo3Si-T2-TiC

24Ti TiC Moss

T2 Mo3Si-TiC

Moss-Ti5Si3 28Ti

24Ti

Moss-Ti5Si3  

Fig. 2 Base

Mo3Si Moss

T2 6Ti

Mo3Si

T2

Moss T2 TiC Mo2C

19Ti 24Ti

Mo3Si

T2 Moss TiC

24Ti Ti5Si3
28Ti

TiC T2

Moss-Ti5Si3

 

 

Fig.3 Ti concentration dependence of Mo, Si and Ti 

distribution of heat-treated alloys in each phase. (a)Moss 

(b)Mo3Si and Ti5Si3 (c)T2 

 

Fig. 3 Moss Mo3Si T2

Ti5Si3 Mo Ti Si Ti

Ti

Mo Si

Ti

Ti Mo

Fig. 3(b) Ti

24 28 at. %

Ti Si Mo

Mo3Si Ti5Si3

6-24Ti Moss

13-20% 28Ti

Moss 42%

Fig. 3(b) Mo3Si Ti5Si3

Mo

Si

Mo3Si Ti5Si3

Moss

Ti5Si3
6)  

 

Fig.4 Density of each alloy measured by the 

. 

 

Fig.5 Stress-strain curve of heat-treated alloys at 

 under a strain rate of 2.1×10-4 s-1
. 

3.2  
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Fig. 4 Ti

Ti

28Ti 7.41 g/cm3

(  = 10.2) 27% MoSiBTiC

(  = 8.78)4) 16%  

 

 

Fig.6 BSE image of heat-treated (a)19Ti and (b)28Ti 

alloys compressed up to 20% strain a . 

 

-

Fig. 5 Base

TiC

19 24 28Ti

800 MPa

19Ti

20% Fig. 6

19Ti T2

28Ti T2

Mo3Si T2 Ti5Si3 DBTT 1400

1500 13)

Mo3Si Ti5Si3
T2

 

28Ti

109.4 MPa/(g cm-3)

MoSiBTiC 93.5 MPa/(g cm-3)
4) 28Ti

MoSiBTiC

 

 

Fig.7 Oxidation curve of each alloys obtained  

with appearance of the specimens oxidized  for 

8 hours. 

 

3.3  

Fig. 7

MoO3

Mo3Si

100 mg cm-2 h-1

( ) Moss

Mo3Si T2 TiC

15) Moss

MoO3 8
16) MoO3

28Ti

1h

10 mg

cm-2 h-1

-8h  
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Fig.8 BSE image of heat-treated 28Ti alloy (a)before 

oxidation and (b)after 1 min oxidation at .  

 

 
Fig.9 XRD profiles of 28Ti alloy before oxidation and 

after 1 min oxidation . 

 

 
Fig.10 BSE image of cross-section of 28Ti alloy 

o  for 1 min. 

Ti5Si3

 

28Ti

-1 min

(Fig. 8) BSE

(Fig. 8(a)) Moss

T2 Ti5Si3 TiC

BSE (Fig. 8(b)) Ti5Si3

Fig. 9

XRD

TiO2 MoO2 MoO3 B2O3

Si XRD

 

Fig. 10 -1min

TiO2 20-

28Ti

TiC Ti5Si3

Fig. 3(a) (c) Moss T2

Ti

Mo (MoO3) TiO2

17)

TiO2

Ti5Si3

Fig. 9 Moss

Moss

Ti5Si3
Ti5Si3

Fig. 

8(b) TiO2

Ti5Si3 TiO2

Ti5Si3

Ti5Si3
MoO3

Ti5Si3

28Ti

 

 

 

Ti MoSiBTiC
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(1) 19Ti 24Ti Moss T2 Mo3Si

TiC 28Ti Mo3Si Ti5Si3
Moss T2 Ti5Si3 TiC

Ti5Si3
Moss

 

(2) MoSiBTiC Mo Ti

7 g/cm3 28Ti

MoSiBTiC

 

(3) Mo3Si Ti5Si3

Ti5Si3

 

(4) Ti5Si3

Ti5Si3

MoSiBTiC

 

 

  

( ) (JST)

 

(ALCA) MoSiB
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45 2017.10 

C-10

Effect on acoustic absorption properties of the acoustic panel notch shape attached 
to neck passage in the normal incidence pipe  

Ryo Inagaki, Yusuke Akamisaka, Hidemi Toh, Daisuke Sasaki(Kanazawa Institute of Technology), 
Tatsuya Ishii, Shunji Enomoto, Kenichiro Nagai(JAXA) 

 
 

ABSTRACT 

Key words: Fan Noise, Acoustic Panel, Absorption Coefficient, Normal Incidence Pipe 
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45 2017.10 

C-11

Study on the Chevron Nozzles of Turbojet Engines 

*Gakuyo TAMADA and Toshiaki TSUCHIYA (Kanazawa Institute of Technology)

ABSTRACT 

Jet noise reduction is one of the major issues in an aircraft engine. This paper describes a research on a jet noise 

reduction device, a chevron nozzle. Although chevron nozzles reduce the jet noise by an effect of promoting the 

mixing of high velocity jet and external flow, they tend to provide a thrust loss at the same time. In this research, 

experiments and CFD analysis have been conducted using a small turbo-jet engine to evaluate the effect of chevron 

nozzles on the engine performance from both aspects of noise reduction and thrust loss. Four kinds of chevron 

shapes and two kinds of nozzle exit geometries have been used in the experiment and obtained results have been 

compared with the reference nozzle. 

Key words: Chevron nozzle, Jet engine, Jet noise, Thrust, Noise reduction device 

JETMUNT Merlin160

( Merlin160) Merlin160

( )

( )

1

(Nozzle )

(Nozzle ) 1

2 3

2

4

Chevron base 

 Chevron tip 

(7)

3 4

TYPE4 2

TYPE4(1)

TYPE4(2) 

J850 Merlin160

4

(8)
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Chevron
count n

Chevron
angle 
[deg]

Chevron
length
[mm]

Exit
diameter

[mm]

Chevron
penetration

[mm]

Chevron
penetration

rate

n L D out P P r

TYPE1 0 0 0 56.3 - -
TYPE2 5 74 5.11 56.3 0.847 0.015
TYPE3 5 64 8.86 56.3 1.466 0.026

TYPE4(1) 5 50 15.34 56.3 2.540 0.045
TYPE4(2) 10 30 15.34 56.3 2.540 0.045

TYPE1 0 0 0 56.3 - -
TYPE2 5 74 5.11 56.3 0 0
TYPE3 5 64 8.86 56.3 0 0

Nozzle ID

Nozzle

Nozzle

 Ambient temperature  Typical thermometer

 Ambient pressure  Typical barometer

 Engine rotational speed  Light-sensing system
 Thrust  Load cell (Max 500[N] )

 Intake inlet total temperature  Thermocouple (Type T)

 Intake inlet static pressure  Pressure sensor and transducer

 Compressor inlet total temp.  Thermocouple (Type T)

 Compressor inlet static pressure  Pressure sensor and transducer

 Compressor outlet total temp.  Thermocouple (Type T)

 Compressor outlet static pressure  Pressure sensor and transducer

 Turbine inlet total temperature  Thermocouple (Type K)

 Turbine outlet total temperature  Thermocouple (Type K)

 Turbine outlet static pressure  Pressure sensor and transducer

 Fuel volume flow rate  Coriolis flow meter

 Sound pressure level  Sound level meter

Total mass [kg] 1.87
Size [mm] 111×355

Maximum thrust [N] 130.0
Max. rotating speed (Design point) [rpm] 113,000

Max. exhaust gas temperature [ ] 850
Max. fuel flow rate [m /min] Approx. 580
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Type Outlet area change rate[%] Outlet area [mm2] Outlet diameter [mm]
A 0 (Baseline) 2489.5 56.3
B +5 2862.9 57.7
C +10 2738.4 59.0
D +15 2613.9 60.4
E -5 2365.0 54.9
F -10 2240.5 53.4
G -15 2116.1 51.9
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45

C-12

The Evolution Mechanism of Diffuser Stall with Decreasing Flow Rate
in a Centrifugal Compressor

*Tetsuya INUI, Nobumichi FUJISAWA and Yutaka OHTA(Waseda Univ.)

ABSTRACT

The evolution mechanism of diffuser stall with decreasing flow rate in a centrifugal compressor was 

investigated by experiments and numerical analyses. The experimental results showed the unsteady change of 

flow condition at lower flow rate than stall point. The pressure fluctuation caused by diffuser stall became 

strong and its influence reached impeller inlet. Just before this change happened, the radial velocity decreased

on the hub side and became lower than that on the shroud side. The numerical analyses demonstrated the radial 

velocity deceleration on the hub side temporarily. This phenomenon was observed at stalled region. At latter 

half of stall cell, the blockage of stall cell caused the adverse pressure gradient and the boundary layer 

separation occurred from hub wall at vanless space. Then, the separation vortex evolved at the throat area of 

diffuser vane and the flow rate on the hub side decreased drastically.

Key words: Centrifugal Compressor, Vaned Diffuser, Rotating Stall, CFD, DES
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2.1  

Table 1

Fig.1

6000min-1
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B4 = 26.14 mm
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(Kulite XCQ-062-25A)

(I.I.) (I.M.)

(D.I.)

(DANTEC 55R57)

(D.I.)  

Fig.1

1  

 

 

3.1  

3 Navier-Stokes

MUSCL(Monotone Upstream-centered 

Scheme for Conservation Laws)

FDS (Flux Difference Splitting)

2

MFGS(Matrix Free 

Gauss Seidel)

LES/RANS Detached 

Eddy Simulation Strelets

SST k DES

Cutoff

Pulse Generator

Revolution 
Measurement System

Pressure 
Measurement System
Pressure Transducer
( Kulite XCQ-062 ) 

Conditioning Amplifier
( TEAC SA-57 ) 

FFT-Analyzer
(ONOSOKKI DS-2000) 

Personal Computer
(NEC Versa Pro JVR-E) 

Hot-wire Anemometer 
Pressure Transducer

Velocity 
Measurement System

CTA Bridge
(90N10)

A/D Converter
(6061E)

Split Fiber-film Probe

(Dantec 55R57)

Air Flow 

26.14 mm
(Diffuser Height) 

Diffuser Vane

Impeller

I.M.

I.I.
D.I.

23mm

Fig. 1  Experimental apparatus and measuring system.

12
11
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9

13
14

15

8

7

65
4

3

2

1

Tested Centrifugal Compressor
Rotational Speed
Mass Flow Rate
Pressure Ratio

Number of Blades
(Main + Splitter)

Inlet Diameter
Outlet Diameter
Exit Blade Width

Impeller

Diffuser
Blade Shape
Number of Vanes
Leading-edge Diameter
Trailing-edge Diameter
Diffuser Width

N
G
p5 / p0

Z

D2

D1

B2

V
D3

D4

B4

6000
1.64
1.1

14

248
328
26.14

Wedge
15
360
559
26.14

min-1

kg/s

(7+7)
mm
mm
mm

mm
mm
mm

Table. 1 Dimensions of tested compressor
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45 2017.10

C-13

Internal Flow and Rotor Characteristics of an Axial Flow Compressor at Windmill
*Taku HIRAYAMA, Yutaka OHTA (Waseda Univ.), Takashi GOTO, Dai KATO (IHI)

ABSTRACT

Internal flow structure and rotor work characteristics of a single stage axial flow compressor operating at 

free-windmilling and highly loaded windmilling modes are numerically investigated. From the numerical results, 

the losses under windmill conditions are caused by the three main flow structures. Firstly, the separated flow due 

to the highly negative incidence. Secondly, the leakage flow or vortex from suction side to pressure side near the 

leading edge. Finally, the leakage flow or vortex from pressure side to suction side near the trailing edge. 

Furthermore, the distribution of the rotor operating mode is found to exist in the chord-wise direction under 

windmill conditions. The turbine region is observed near the leading edge while the compressor region is 

observed near the trailing edge.

Key words: Axial flow compressor, Windmill, CFD, Internal flow, Loss structure
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Table 1  Blade Design Parameters 

Rotating Speed rpm 7680 

Number of Rotor Blades  24 

Number of Stator Vanes  36 

Radius (Casing, Hub) mm 245.8, 177.5 

Tip Clearance (Rotor, Stator) mm 0.65, 0.45 
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C-14

Full-Annulus DES Analysis of Three-Dimensional Effects of Rotors on Stator 
Cascade Flow in a Multi-Stage Transonic Axial Compressor

*Seishiro SAITO, Kazutoyo YAMADA, Masato FURUKAWA (Kyushu Univ.),
Akinori MATSUOKA and Naoyuki NIWA (KHI)

ABSTRACT

In this study, a multi-stage transonic axial compressor has been investigated using a large-scale detached eddy 

simulation (DES) with approximately 4.5 hundred million computational cells. The flow field was analyzed by 

data mining techniques including vortex identification based on the critical point theory and topological data 

analysis of the limiting streamline pattern visualized by the line integral convolution (LIC) method. The amount 

of loss production was evaluated by the energy dissipation function. It is found that hub-corner separation occurs 

in the first stator and interacts with the shock wave from the second rotor and the wake from the first rotor. The 

hub corner separation vortex is generated in multiple pieces, and those pieces of separation vortex fluctuate with 

time violently, distorting the near-hub flow. However, little loss is produced around the hub-corner separation 

vortex, and main factor of loss generation at 15 percent span is boundary layer separations caused by the hub-

corner separation.

Key words: Transonic Axial Compressor, DES, Rotor-Stator Interaction, Wake
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Fig. 3  Distribution of density gradient  
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Fig. 6  Distributions of vorticity magnitude 
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(a) Energy dissipation function (b) Entropy 

Fig. 5  Loss distribution at 50% span in first stator 
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(a) Energy dissipation function (b) Entropy 

Fig. 7  Loss distribution at 15% span in first stator 

 
(a) Energy dissipation function (b) Entropy 

Fig. 8  Loss distributions in first stator 
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Fig. 9  Details of flow field in the aft-part of 

first stator 
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PIV

PIV Measurement and Flow Visualization in Complex Cooling Channel for 
Turbine Blade

*Hikaru ODAGIRI, Ken-ichi FUNAZAKI, Sekai TERABE (Iwate univ.),
Masahide KAZARI, Takeshi HORIUCHI(KHI)

ABSTRACT

This paper deals with experimental and numerical analyses on the flow field in a realistic serpentine internal 

cooling channel of high pressure turbine blade. This study aims at investigating why the heat transfer coefficient 

was different between experimental results and CFD analysis. Velocity measurements were performed with 

Particle Image Velocimetry (PIV method). Numerical analysis using ANSYS CFX is carried out to compare the 

flow fields of experimental results with CFD results.

Key words: High pressur turbine, Internal cooling channel, PIV
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Fig.11 Instantaneous Conter of x component of velocity and vecter map at 2nd turn
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Studies on Cooling Hole Compound Angle on a Turbine Vane of Gas Turbine 

using a Cascade Test Facility 

*Fumiya KIKUCHI Ken-ichi FUNAZAKI Issei TASHIRO (Iwate Univ.)
Takeomi IDETA Yuhi TANAKA (IHI)

ABSTRACT

In order to reduce not only the emission of carbon dioxide which is known to promote global warming but the

consumption of fossil fuel gas turbines are always requested to be highly efficient In general high efficiency of 

gas turbines is achieved by increasing the turbine inlet temperature Film cooling is used to cool the turbine section

Film cooling performance has been improved by varying the cooling holes shapes and the parameters e g angles

diameters and etc Authors have investigated various cooling holes with different compound angles in order to suppress

Counter Rotating Vortex Pair (CRVP) which otherwise causes the cooling performance deterioration This paper 

evaluates cooling performance for each cooling hole configurations through the research using experiments and CFD

Key words : Film cooling Compound angle hole

Cylindrical hole

Cylindrical hole

CRVP (Counter Rotating Vortex 

Pair) lift-off

Cylindrical hole

Compound angle hole Fig.1

Compound angle hole

Compound angle hole CRVP

lift-off

compound angle hole

compound angle 

hole Double jet

Double jet

Double jet
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Table.1 Geometric specification for film cooling holes 
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C-23

 
ABSTRACT 

This paper describes several attempts to optimize double flow control devices (DFCD), which was invented by some of the authors for 

achieving better film cooling performance of gas turbine cooling holes. The device, which will be referred to as DFCD, is a pair of 

protrusions with the shape of hemi-spheroid attached to the turbine blade surface just upstream of each of cooling holes. It has been revealed 

in the previous studies that the optimized devices are able to improve film cooling effectiveness dramatically. However DFCD optimization 

has only been done under low density- ratio condition and low blowing ratio, i.e., DR=0.85 and BR= 1.0, therefore there is room for the 

improvement of device shape and configuration for the use at high density ratio and high blowing ratio conditions. In order to investigate 

the film effectiveness at a high density ratio and high blowing ratio, we use CFD and EFD-based Taguchi Methods to optimize DFCD 

shape. Then, performance evaluation of the optimum DFCD shape is done from CFD and EFD. 

DR=1.53 BR=1.5

DFCD
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Fig.1 Control factor (DFCD geometry) 
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Fig.2 Computational domain 

 

 
Fig.3 Computational grid 

 

 

 

Fig.4 Wind Tunnel for Film cooling Investigations 
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Fig.6 Round Hole Geometry 

 

Fig.8 PSP excitation view 
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Fig.10 Response graphs for major effect (film effectiveness) 
 

Fig.12 Area-averaged film effectiveness 
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Evaluation of Heat Transfer Performance of Airfoil Heat Exchanger by  
Inverse Heat Transfer Method 

 
*Hitoshi NAKANISHI, Yu ITO and Takao NAGASAKI (Tokyo Institute of Technology) 

 
ABSTRACT 

The invention of airfoil heat exchangers has led to the development of light and compact intercooled and 

recuperated aviation gas turbines. However, the heat transfer mechanism in airfoils has not been clarified. To 

explain how the mechanism works in airfoils, experiments were performed on a cascade of three airfoil heat 

exchangers installed in a subsonic wind-tunnel. Based on previous experiments made by NACA, airfoil 

temperature distribution data were obtained. Then, to estimate air Nusselt number, inverse heat transfer method 

and the method of least squares were applied to the experimental data. The computations of inverse heat transfer 

method, which is a quick and effective way to estimate heat transfer performance of airfoil heat exchangers, 

were validated using the results of the experiments. Finally, these estimates were compared with results obtained 

through computational fluid dynamics, validated by the same experimental results. 

Key words: Airfoil heat exchanger, Inverse heat transfer method, Recovery temperature, Nusselt number 
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(a) All of simulated domains 

 

(b) Enlarged view 
Fig.5 Computational grids 
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