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A-2

A Data Connection Method for Fluid-Structure Interaction Analysis of Turbine 
Blades

*Tadashi TANUMA (Teikyo Univ.), Hiroshi OKUDA, Gaku HASHIMOTO (Tokyo Univ.) 
and Kumi AKIYAMA (Office Kei)

ABSTRACT

Aerodynamic optimum designs of stator blades are already introduced in many designs of actual operating 

commercial steam turbine units. However, aerodynamic optimum designs of rotating blades are still difficult due 

to high centrifugal force and vibration stress on rotating blades. This paper presents a data connection method 

for fluid-structure interaction analysis of turbine rotating blades to enhance FSI analysis for turbine designs.

Key words: Steam turbines, Long blades, Fluid-Structure Interaction Analysis, unsteady analysis
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Fig.1

Fig.2 Traction interpolation method
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Fig.3 CFD to FEA data transformation: Static Pressures 

using Simple Method
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Modified Method
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Statistical Sensitivity Study of Mistuning Effect on Transonic Fan Flutter 

*Atsushi TATEISHI, Toshinori WATANABE, Takehiro HIMENO (The Univ. of Tokyo), 
Mizuho AOTSUKA and Takeshi MUROOKA (IHI) 

ABSTRACT 

This paper presents a detailed investigation of the effect of mistuning on transonic fan flutter, which is 

conducted as part of comprehensive efforts to find reasons for the mismatch in the flutter boundary in our past 

numerical prediction. The flutter boundary of a full-annulus fan assembly with different mistuning levels is 

statistically evaluated based on eigenvalue analysis and Monte-Carlo simulation. Nominal levels of mistuning 

due to manufacturing tolerance have little effect to the flutter boundary because the decline in aerodynamic 

damping is very steep. Therefore, the accuracy associated with the computational fluid dynamics is likely to 

have caused the mismatch in the flutter boundary. Detailed observations of modal properties show that the mode 

shape in flutter modes can be highly deviated from pure traveling wave mode, even if the level of mistuning is 

nominal. For largely mistuned cases, highly-localized, single-blade dominant modes appear due to the 

. 

Key words: Fan, Aeroelasticity, Stall flutter, Mistuning, Monte-Carlo simulation 
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𝑁𝑏 = 18
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1

𝜆,𝝍

Fig. 2 Mismatch of flutter boundary on low shaft 
speeds in our past numerical prediction 7)

Fig. 1 CEFS1 fan 

Table 1 Specifications of CEFS1 fan rotor 
Number of blades 18 

Aspect ratio 1.6 

Relative Mach number at tip 1.4 

Blade material Ti-6Al-4V 

Range of flutter region and 
structural mode shape 

80%N, 82.5%N
(1F mode) 

(a) Full-annulus view
(b) 1F mode shape  

(80% speed)
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𝜆 [ 𝝍
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−𝛬 − 𝛥𝛬 + 𝑀−1𝐴 𝑀−1𝐵] [ 𝝍
𝜆𝝍] (2) 

𝜆 𝜇AE
𝑓AE Eq. (3) 𝝍

𝜇AE = −Re(𝜆)  𝑓AE = |Im(𝜆)|/2𝜋
𝜇AE > 0

𝜇AE < 0

𝛬 𝐴, 𝐵
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(MC) 

 Eq. (2) 

MC

𝑁fan = 10000

Eq. (4) 

1F

𝜇min

𝜇min = 1
𝑁fan

∑ min(𝜇AE,1, ⋯ , 𝜇AE,𝑁𝑏)
𝑁fan
𝑖=1 𝑖

𝜇min

𝜇min = 0
𝜇min

 ”frequency mistuning” 

May 17), Beirow 18), Schnell 19)

Table 2

1F

May 22

5

0.47 0.17%

0.2

May 17)

17

Cov(𝛿, 𝛿𝑀)/√𝑉 (𝛿)𝑉 (𝛿𝑀) = −0.25

Table 3, Table 4

1F

𝜀 = 0.2, 0.5%
𝜀 = 1.0, 1.5% 

May

𝜀𝑀 = 15%, 𝜀𝑀 = 30%

3

Table 2 Standard deviation of blade-alone frequency in 
past studies (1F mode) 

Author Model STDEV [%]

May 17) UHBR Fan 
0.47 (all) 

0.17 (clean) 

Beirow 18) HPC blisk (1st stage) 0.13 

Schnell 19) Counter-rotating fan 0.25 

Table 3 Test cases for frequency mistuning
No. STDEV[%] Assumed situation 
1 𝜀 = 0.2% Nominal level 
2 𝜀 = 0.5% Nominal level 
3 𝜀 = 1.0% Large mistuning 
4 𝜀 = 1.5% Very large mistuning 

Table 4 Test cases for mass mistuning 

No. STDEV[%] Assumed situation 
1 𝜀𝑀 = 15% Nominal level 
2 𝜀𝑀 = 30% Large deviation 
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Fig. 3 

𝜀𝑀 , 𝜀 1F
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𝜀𝑀 𝜀

Fig. 3 (b) 𝜀 𝜇min

𝜀𝑀 = 0

Fig. 4 

𝜀 = 0.2%

Fig. 4 Change in averaged minimum damping rate due to frequency mistuning on each rotational speed. 
The “F” and “S” show experimental stability limits due to surge and flutter, respectively. 

Fig. 3 Effects of mass and frequency mistuning on the statistics of damping rate in the flutter mode (80%N, OP: C)
(a) Cumulative probability (b) Change in averaged minimum damping rate
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Fig. 5 Flutter boundary obtained from averaged 
minimum damping rate
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𝜇AE = 25 [1/s] 

1

Eq. (1) 𝑞1
0

 (Single-Blade Dominant Mode, 

SBDM) 

Fig. 7 

Im(𝜆) > 0
14 1

2

0

𝜀 = 1.0, 1.5%

 ”mode localization” 12)

𝜀 = 1.5% 2 SBDM

mode localization

TWM TWM

𝒔 TWM 𝑊
H

 𝒒 = 𝑊𝒔 𝒔 = [𝑠1 ⋯ 𝑠𝑁𝑏]𝑇
𝑊𝑗𝑘 = exp {2π𝑖(𝑗−1)(𝑘−1)

𝑁𝑏 } 𝑊𝑗𝑘−1 = 𝑊𝑗𝑘𝐻/𝑁𝑏

Fig. 8 𝜀 = 0.5%

Fig. 7 Examples of aeroelastic mode shapes in the 1F mode family with different mistuning levels 
(14 modes from the lowest damping, real part, only aeroelastic modes for Im(𝜆) > 0 are shown)

Fig. 8 Typical aeroelastice modeshape of the flutter 
mode (80%N, OP: C, 𝜀 = 0.5%),  

Solid bars: fan No. 57, thin lines: other 20 fans 
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Fig. 10 Typical aeroelastice modeshape of the 
single-blade dominant mode (80%N, OP: C, 𝜀 = 1.5%), 

solid bars: fan No. 720, thin lines: other 20 fans

Fig. 9 Typical aeroelastice modeshape of the flutter 
mode (80%N, OP: C, 𝜀 = 1.5%), 

solid bars: fan No. 720, thin lines: other 20 fans
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A-6

Effect of Tip Clearance Gap and Wall Boundary Layer Thickness to Performance 
of Transonic Compressor 

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

ABSTRACT 

Numerical analysis has been conducted on transonic compressor NASA Rotor 37 with 9 different tip 

clearance gaps while varying the wall boundary layer thickness of the incoming flow. Overall performance, 

basic flow characteristics, and near casing phenomena has been carefully observed. According to the result, it 

has been shown that NASA Rotor 37 can be lead to numerical instability through two different mechanisms 

depending on the size of the tip clearance gap and the wall boundary layer thickness. Stall margin became the 

maximum with the tip clearance gap at which the stall mechanism switched from one to another.

Key words: Compressor, Tip Clearance, Stall Inception, Numerical Analysis 
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A-12

Behaviors of Tip Leakage Flows in Transonic Centrifugal Compressor 
with Splitter Blade at Low Flow Rate Condition

*Masanao KANEKO(Hosei Univ.) and Hoshio TSUJITA(Hosei Univ.) 

ABSTRACT 

In this study, the individual influence of the tip leakage flows from the main and the splitter blades on the flow 

behavior and the loss generation in the transonic centrifugal compressor at low flow rate was investigated by 

performing the numerical analysis at four calculation conditions, which were prescribed by the presence or the 

absence of the tip clearances of the main and the splitter blades. The computed results including those for the 

design condition clarified that the tip leakage vortex from the leading edge of the main blade increased the 

incidence angle to the splitter blade, and consequently increased the loss. On the other hand, the presence of the 

tip clearance of the splitter blade decreased the loss by reducing the incidence angle to the splitter blade. The 

former influence was enhanced but the latter was reduced by the decrease of the flow rate.

Key words: Centrifugal compressor, Loss generation, Shock wave, Tip leakage flow, Transonic compressor 
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Table 1 Dimensions of test impeller

Inlet hub diameter of main blade 1m,h (mm) 60 

Inlet tip diameter of main blade 1m,t (mm) 156 

Outlet diameter 2 (mm) 224 

Number of blades /  (Main/Splitter) 13/13 

Inlet blade angle at main blade tip 1m,t (deg.) 63.5 

Outlet blade angle 2 (deg.) 38 

Outlet blade height 2 (mm) 10.2 
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A-13

Effects of Blade Tip Clearance on Hub-Corner Separation 
in a Stator Cascade of a Transonic Axial Compressor 

* Seishiro SAITO (Kyushu Univ.), Yuki TAMURA (Kyushu Univ.), 
Masato FURUKAWA (Kyushu Univ.), Kazutoyo YAMADA (Kyushu Univ.), 

Akinori MATUOKA (KHI) and Naoyuki NIWA (KHI) 
 

 ABSTRACT 

The paper presents the effects of blade tip clearance on hub-corner separation in a stator cascade of a multi-

stage transonic axial compressor. In this study, the effects have been numerically investigated for three clearance 

cases: uniform clearance, partial clearance, and no clearance. The numerical analysis shows that the leakage vortex 

due to the stator blade tip clearance is the main cause for loss near the hub in the case of uniform clearance. In the 

case of no clearance, low-energy fluid of the secondary flow on the hub accumulates on the suction side of the 

blade, producing the separation vortex near the hub corner. In the partial clearance case, the separation vortex 

occurring near the filled clearance section and the leakage vortex from the rear tip clearance produce a huge loss, 

generating very complicated flow field. 

Key words: Transonic Axial Compressor, RANS, Visual Data Mining, Blade Tip Clearance, Hub Corner 
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Fig. 1  Closeup view of partial clearance 

 

 
Fig. 2  Shape of blade tip clearance 

 

Fig. 3  Spanwise distributions of 

total pressure loss coefficient at 1st stator exit 

Fig. 4  Spanwise distributions of axial velocity at 1st 

stator exit
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Fig. 5  Limiting streamlines on suction surface and vortex cores in the 1st stator (in uniform clearance case) 

 

Fig. 6  Distribution of entropy function 

(in uniform clearance case) 
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Fig. 10  Limiting streamlines on suction surface of 1st stator (in partial clearance case)

 

Fig. 11  Distribution of entropy function 

(in partial clearance case)
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A-14

 
 

Verification of Control Effect of Tip Leakage Flow  
in Centrifugal Compressor by Ring-type Plasma Actuators 

 
* Toshiyuki OHASHI, Hitoshi ISHIKAWA, Takehiko SEGAWA and Takayuki MATSUNUMA 

 
ABSTRACT 

Velocity and pressure distributions near the outlet in a centrifugal compressor system were measured by PIV 

and pressure scanner for evaluating control effects of the tip leakage flow by means of a ring-type plasma 

actuator. A copper wire coated with silicone was embedded in a casing surface facing tips of the impeller. Under 

a rotating speed of impeller  = 1,500 rpm, dielectric barrier discharge (DBD) plasma was formed in between 

their clearances (s = 1.2 mm) by applying the fixed peak-to-peak voltage Vp-p = 11.7 kV with frequencies fp = 5, 

10, 20, 30 and 40 kHz. In the case of fp = 5 kHz, velocity in the outside of impeller hub increased in comparison 

with that without flow control, although it tends to decrease according to higher fp. Static pressure near the hub 

side of diffuser was also enlarged further negative value for the particular case of fp = 5 kHz.

Key words: Tip leakage flow, Centrifugal compressor, Ring-type plasma actuator, Active flow control, PIV 

 
 

(1),(2)

 

PA
(3),(4)

PA

(5),(6)

PA (7)

PA 1

DBD

2 3

PIV

PA
(8)

3

  

2

 

Shaft (Metal)

DBD Plasma

Tip Leakage 
Flow

Tip Clearance

Metal Wire Coated 
with Insulation 
Material

Casing

Centrifugal 
Impeller
(Aluminum Alloy)

Main Flow

Power Supply

Rotation
GND

Fig. 1  Schematic drawing of ring-type plasma 
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Table. 1  Specifications of experimental apparatus 
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Number of blade (n) 12 blade  
Inlet diameter (d1) 42.4 mm 
Outlet diameter (d2) 59 mm 
Outlet blade height (h1) 5.0 mm 
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Suction diameter (D1) 44.4 mm 
Diffuser height (h2) 5.2 mm 
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Fig. 2  Main result in the previous study(8) 
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Fig. 7  Static pressure as a function of fp 
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Studies on Heat Transfer Coefficient and Flow Field through a Complex Cooling 
Channel for Turbine Blade (Influence of the channel entrance inflow condition) 

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

ABSTRACT 

This paper deals with experimental and numerical analysis on the heat transfer and the flow field in a realistic serpentine 

internal cooling channel of turbine blade. This study aims at obtaining design guidance of the internal cooling channel 

through the investigation of heat transfer coefficient with the focus on the flow condition at the channel entrance. A 

transient method using Thermochromic Liquid Crystal is employed to measure the surface heat transfer distribution inside 

the channel. Numerical analysis using ANSYS CFX is also carried out to enhance the knowledge of the flow field.  

Key words:  Internal cooling channel, Serpentine channel, Heat transfer, Flow field, CFD 
 

1.  

 

2.  

2.1  
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Fig. 1 Experimental set up 

 

 

Fig.2 Test model 
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Fig. 4 Calibration device 
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Fig. 6 Computational domain 

 

 

 

Fig. 7 Computational grid 
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Table. 1 Computational conditions 
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Fig. 8 Comparison of heat transfer coefficient on PS extracted 

along the passage centerlines (1st pass) 

 

Fig. 9 Comparison of heat transfer coefficient on PS extracted 

along the passage centerlines (2nd pass) 

 

Fig. 10 Comparison of heat transfer coefficient on PS 

extracted along the passage centerlines (3rd pass) 
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Fig. 11 Comparison of heat transfer coefficient on SS 

extracted along the passage centerlines (1st pass) 
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Fig. 12 Comparison of heat transfer coefficient on SS 

extracted along the passage centerlines (2nd pass) 

 

Fig. 13 Comparison of heat transfer coefficient on SS 

extracted along the passage centerlines (3rd pass) 
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Fig. 14 Heat transfer coefficient distributions 
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Fig. 15 Heat transfer coefficient distributions 
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Fig.18 Distribution and shape of vortex core (near SS) 

 

 
Fig.19 Distribution and shape of vortex core (near PS) 
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B-3

PSP

 
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, therefore there is room for the improvement of device shape and configuration for 

the use at high density ratio conditions. In order to investigate the film effectiveness at a high density ratio, we use CFD-based Taguchi 

Methods to optimize DFCD shape prior to the experiment. In the experimental study, we apply CO2 as the cooling air and measure film 

cooling effectiveness using PSP technique for DR=1.53.  

Key words:  Film Cooling, Flow Control, Taguchi-Method, PSP 
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Fig.1 Wind Tunnel for Film cooling Investigations 

Fig.2 PSP Excitation View 
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Fig.6 Schematic View of PSP measurement 
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Fig.10 Computational Domain 
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B-4 

Endwall Secondary Flow Control in Low Pressure Turbine 
Effect of Devices  

*Ryota SATO(Iwate Univ.), Kenichi FUNAZAKI(Iwate Univ.), Teruyuki SHIOTA, Daichi 
MURAKAMI, Hirohumi OGURA, Kodai ITO(Iwate Univ.), Juo HURUKAWA(IHI) 

 
ABSTRACT 

The purpose of this paper is to propose a new method of secondary flow control on end-wall region for End-

wall loss reduction in Low Pressure Turbine. In this paper, the effect of dimple devices on endwall is investigated 

through combined experimental and CFD studies in a low speed linear cascade. Detailed comparisons are made 

on the cases with or without dimple devices on the End-wall. The results show that total pressure loss of near 

endwall regions can be reduced because the vorttices generated by the dimple devices suppress the advections of 

the cross-flow to the blade suction side, eventually reducing the magnitude of stream-wise vorticities of passage 

vortex and counter vortex.  

Key words: Low Pressure Turbine, End-wall, Secondary Flow, Cross-flow, Vortex, Control 
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EXP results Base vs EWD 
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B-5

Application of CHT Analysis to Development of Cooled Turbine Blade for 
Industrial Gas Turbine 

*Takeshi HORIUCHI, Tomoki TANIGUCHI, Ryozo TANAKA, Masanori RYU and 
Masahide KAZARI (Kawasaki Heavy Industries, Ltd.) 

ABSTRACT 

Advanced cooled turbine blades which have high cooling effectiveness are essential as well as rise of turbine 

inlet temperature to improve thermal efficiency of industrial gas turbines. For this development, we need to 

understand metal temperature distribution on the cooled turbine blades in detail. For this purpose, applicability 

of CHT (Conjugate Heat Transfer) analysis to the cooled turbine blade has been investigated in terms of 

prediction of metal temperature by comparing with measurement results by pyrometer. This paper describes the 

details of CHT analysis method and calculation results with measurement temperature by pyrometer.

Key words: Cooled turbine blades, Metal temperature, Prediction, Conjugate heat transfer, Pyrometer 
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a) Overview 

b) Mesh on blade surface 

Fig.4 Computational domain and mesh system 
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Fig.6 Metal temperature distribution by pyrometer 
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Fig.10 Metal temperature distribution at Tip
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44 2016.10 

B-7 

A Surrogate Model for Turbine Blade Temperature Estimation 

*Eiji SAKAI (CRIEPI) and Toshihiko TAKAHASHI (CRIEPI) 

For the development of easy-to-use temperature estimation method for turbine blade, polynomial chaos 

expansion, which is a computationally efficient method for performing uncertainty analysis on large complicated 

models, is applied to 3-D turbine blade conjugate heat transfer simulations. Main flow temperature, main flow 

rate, cooling flow temperature and outlet pressure are selected as uncertain parameters. Surrogate models for 

blade temperature estimation are obtained from 15 sample simulation runs. The estimated temperature by the 

surrogate models correspond well with the conjugate heat transfer simulations, and the surrogate models are 

found to be useful for blade temperature estimation in response to a change of gas turbine operation conditions. 

Key words: Surrogate Model, Temperature Estimation, Turbine Blade, Polynomial Chaos Expansion 
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Fig. 6 Sensitivity Analysis 
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B-8

CO2

Flow visualization experiment of super critical CO2 turbine blade
cooling passage

*Hisashi MATSUDA, Fumio OTOMO, Tatsuro UCHIDA, Junichi TOMINAGA,
Hideyuki MAEDA and Satoru SEKINE (Toshiba Corp.)

ABSTRACT

Flow visualization experiments for super critical CO2 turbine blade cooling passage were examined using 
a large scale cooling flow passage model. Complex configuration of the cooling passage was exactly modeled 
by combination of plexiglass pipes with stereo lithography molding. Flow visualization experiments clarified 
that there is no measure stagnated flow through the cooling flow passage. PIV measurements were also carried 
out and maximum velocity of each cooling passage was obtained accurately and balance of flow volume of 
each cooling passage was evaluated. The supercritical CO2 turbine blade cooling passage designed was 
validated. 

Key words: CO2 turbine, Cooling blade, Flow visualization, PIV
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B-12

A Method of Creep Lifetime Estimation of Superalloy Specimens
Prepared from an In-Service Gas Turbine Blade

*Yohei MATSUI, Mitsutoshi OKADA, Toshihiko TAKAHASHI and Terutaka FUJIOKA(CRIEPI)

ABSTRACT

Creep lifetime estimation of a gas turbine blade is conducted by the iso-stress method. Three types of 

specimens with different shapes and dimensions are prepared from an in-service blade, and creep tests are

carried out using them at high temperatures. To estimate the creep lifetime of the blade, the reference 

temperature is calculated by heat transfer numerical analysis which combines convection heat transfer analysis 

around the blade with heat conduction analysis in blade structure. As a result, larger differences in creep lifetime 

among the three types of specimens are caused at higher test temperatures. On the basis of the result, the effects

of specimen shape and test atmosphere on creep lifetime estimation are examined. And tests at lower 

temperatures with longer rupture life are desired to be performed to obtain life evaluation with smaller scatters.

Key words: Iso-Stress Method, Creep, Gas Turbine, Superalloy, Size Effect
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Table.1 Chemical composition of GTD-1117

Fig.4 The SEM images of the specimens after 

the creep tests(1223K 137MPa) (a)

specimen,(c)flat plate 

specimen

(c) 5

(b) 5

(a) 5

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

                         142 / 298



Fig.5 The results of the creep tests
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B-13

Temperature Estimation Method for a Gas Turbine Combustor Component

*Mitsutoshi OKADA, Toshihiko TAKAHASHI, Susumu YAMADA and Tomoharu FUJII (CRIEPI)

ABSTRACT

Temperature estimation methods for a gas turbine combustor component are developed in terms of 

microstructural changes and computational fluid dynamics (CFD) for life assessment. The growth of thermally 

grown oxide (TGO) in thermal barrier coating is observed, and the change in Vickers hardness is also grasped by 

carrying out high-temperature heating test using the specimens prepared from the in-service combustor. On the 

basis of them, temperature estimation equations are derived. The temperature estimation based on TGO thickness

is suitable for higher-temperature region while the one based on the hardness is for lower-temperature. Conjugate 

heat transfer simulation, coupling heat conduction calculation in solid with CFD calculation of heat transfer in 

fluid, is also conducted to estimate the temperature distribution of the combustor component. The simulation result 

agrees well with the estimation using the TGO thickness and hardness.

Key words: Compressor, Combustor, Turbine, Control, Maintenance
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B-15
 

SUS316L  
 

 
 

Strengths and Microstructure of SUS316L Fabricated by Selective Laser Melting 
 

*Kazuki AKINO and Koji KAKEHI(TMU Univ.) 
 

ABSTRACT 

Recently, AM (Additive Manufacturing) process which can produce highly complex components is been 

gaining significant attention. Ti alloys, Ni alloys, and Co-Cr alloys are the subjects of recent work. 

Ni-based superalloys have phases such as  and  phase, and Ti alloys and Co-Cr alloys are the 

multiphase alloys which have phase transformation, thus it is difficult to clarify the influential factors of 

AM process on strengths of these alloys. In this study, we used SUS316L stainless steel which is a 

single-phase solid-solution alloy and does not have precipitates, in order to clarify characteristic 

influential factors of AM compared with a conventional material. It was found that the coarse columnar 

grains grew up along the built direction and the columnar cell structure of dislocations which are induced 

during the AM process. AM specimens showed higher tensile and creep strengths compared with the 

conventional (hot working) material because of the high-density of dislocations. 

Key words: additive manufacturing, austenite stainless steel, solid-solution alloy, built direction, molten 

pool boundary 
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Fig. 1 Cutting AM specimen for microstructural 
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(a) As-built specimens 

 
(b) SHT specimens 

Fig. 5 Stress-strain curves at 24 °C. 
 

 
(a) As-built specimens. 

 
(b) SHT specimens. 

Fig. 6 Stress-strain curves at 600 °C. 
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B-17

Effect of Re on creep behavior of single crystal Ni base superalloy 
Takeshi OHASHI  Naoki NOMURA Koji KAKEHI (TMU) 

 
ABSTRACT 

Due to its good creep and TMF properties, the single crystal (SC) superalloy is the primary material to 

manufacture the blades of the gas turbine and the aero-engine. The third or further generation Ni based SC 

superalloys have been successively developed by adding more and more Re as strengthening elements. But 

applying massive Re into SC alloys significantly causes many deleterious problems, such as i) the increase of the 

density of alloys as higher than 9, reducing the engine efficiency, ii) the excessively high cost of alloys and iii) 

the resource strategy. Thus the new alloying design for reducing Re is urgently desired. The effect of Re on creep 

behavior of single-crystal superalloys at 750 /750MPa was investigated to consider alternative elements.  

Key words: Single Crystal, Superalloy, Creep, Rhenium 
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{111}<112> Re  

 

{111}<112>  TMF

TMF
4)  

Re

LSC(Low-cost Single Crystal)

1 2 {111}<112>

750  Re

2

Re

LSC-15 LSC-11m 1 2

PWA1480 CMSX-4 (Table 1)

Table 1

Table 2

[001] 2 °

2.8×2.8×19.6 mm  

 

Alloy Co Cr Mo W Al Ti Ta Re Hf Ni 

LSC-15 6 7 1.5 10 6 - 5.5 - 0.1 bal. 

LSC-11m 8 7 1.8 8.2 5.4 1.2 6.2 0.8 0.1 bal. 

PWA1480 5 10 - 4 5 1.5 12 - - bal. 

CMSX-4 9 6.5 0.6 6 5.6 1 6.5 3 0.1 bal. 

Table 1. Chemical composition of alloys (mass %). 
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Alloy Solution heat treatmenta Aging treatment 

LSC-15 
Full solution treatment 

1100 °C/4  h/GFC+ 

870 °C/20 h/GFC LSC-11m 

PWA1480 1282°C/1 h + 1287°C/2 h + 1294°C/1 h/GFC 
1080°C/4 h/AC+ 870°C/32 

h/AC 

CMSX-4 

1277 °C/2 h + 1288 °C/2 h + 1296 °C/3 h + 1304 °C/3 

hr+ 1313 °C/2 h + 1316 °C/2 h + 1318 °C/2 h +1321 °C/2 

h /GFC 

1140 °C/4 h/GFC + 

870 °C/20 h/GFC 

Table 2. Heat treatment schedule of alloys. 
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Fig. 1 TEM microstructures of (a) LSC-15, (b) LSC-11m, (c) PWA1480 and (d) CMSX4 after heat treatment  

Fig. 2 (a) creep curves and (b) relationship creep strain and creep rate. 

Fig. 3 TEM micrographs of the [001] samples interrupted at 2 h creep at 750 °C and 750 MPa: (a) LSC-15 

.15%); (b) LSC-11m ; (c) PWA1480 ; (d) CMSX-4 ( . The foil normal 

was cut along the (001) plane to observe the interfacial dislocations. 

Fig.4 TEM image of (a)LSC- - - 750 /750MPa 
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Fig. 6 Partitioning coefficients of the alloying elements 

in the standard heat treated condition. 
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PWA1480 CMSX-4 LSC-15 LSC-11m 

 

6.805 6.206 6.123 6.443 

 

5.984 5.011 4.718 5.068 

 

-0.1283 -0.2131 -0.2592 -0.2389 

Table 3.  calculated by equations of (3), (4) and (5) 

Fig. 5 TEM micrograph of the 

[001] samples deformed to the 

start of secondary creep at 750 °C 

and 750 MPa: (a) PWA1480 

; (b) CMSX4 . 

The specimens were sectioned on 

the (111) plane. 
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Fig.7 The refractory alloy elements in the matrix at the 

standard heat treated condition. 
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Present Research Status of the Direct and Complete Recycling Method for 

Ni-base Single Crystal Superalloy Turbine Airfoils 
 

*Satoshi UTADA, Shinsuke SUZUKI (Waseda Univ.), 
Hiroshi HARADA, Makoto OSAWA, Kyoko KAWAGISHI,  

Toshiharu KOBAYASHI and Tadaharu YOKOKAWA (NIMS) 
 

ABSTRACT 

In collaborative work of Waseda University and National Institute for Materials Science (NIMS), we proposed 

direct and complete recycle method that enables drastic cost reduction and stable supply of Ni-base single 

crystal superalloy turbine components. The method includes collecting the turbine components, remelting and 

single crystals. Recycled material showed high-temperature properties equal to or better than genuine ingot 

material. The project is scheduled to scale up to commercial ingot size for practical use. This paper introduces 

research results and status of our recycling method. 

Key words: Ni-base single crystal superalloys, Recycle, Creep, Cyclic oxidation, Turbine airfoil 
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Fig. 2 Content of major impurities such as sulfur, oxygen, and 

nitrogen for each material. Standard deviations of 

each impurity content are shown as error bars.20)  
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Ti-6Al-4V

Creep Properties and Microstructure of Ti-6Al-4V parts build by Additive 
Manufacturing

*Yuya Sakurai(Tokyo Metropolitan Univ.), Koji KAKEHI(Tokyo Metropolitan Univ.)

ABSTRACT

To investigate possibility of application for aircraft parts, Ti-6Al-4V specimens were build by two types of 

additive manufacturing technic and compared with convetional mill-annealed materials. The electron backscatter 

diffraction (EBSD) analysis revealed SLM and EBM specimens were found to consist of acicul

-annealed material. Results of tensile test 

performed at room temperature and 450 °C revealed the anisotropy of ductility in SLM and EBM specimens was 

pronounced at high temperature. SLM and EBM specimens showed superior creep properties than the mill-

annealed specimens at 450 °C/400 MPa.

Key words: Ti-6Al-4V, selective laser melting, electron beam melting, microstructure, creep properties

Ti

1)

Boeing

B-787 Ti 15 %
2)

Ti-6Al-4V

2 SLM(selective 

laser melting) EBM(electron beam melting)

EOS SLM EOSINT M280

EOS Titanium Ti64 35 mm

SLM

AMS 4911 650 °C /3

h( ) SLM

SLM Arcam

EBM Arcam A2X Arcam Titanium 

Ti6Al4V 45 mm

EBM

3.1 mm

( 2.8×3.0×19.6 mm)

0° 90°

(top view)

(side view)

954 °C

/2 h( )+538 °C/4 h( ) (STA)

as-built

STA

(RM) 3.17 mm

450 °C

450 °C/400 MPa

(EBSD)

(SEM)

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

                         181 / 298



Fig.1 IPF maps of SLM as-built specimen from (a) top 

view, (b) side view.

Fig.2 Lower magnification observation of Fig. 1 from 

grain boundary.
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Table 1 Tensile properties of SLM, EBM and RM 

specimens at room temperature.

YS(MPa) UTS(MPa) EL(%)

SLM
0° 1090 1150 8.8
90° 1020 1160 8.5

SLM
STA

0°
90°

1150
1120

1270
1280

2.4
2.6

EBM
0° 930 1000 8.3
90° 930 1000 8.8

RM 930 1010 16.3
RM STA 1160 1230 6.1

Table 2 Tensile properties of SLM and EBM 

specimens at 450°C.

YS(MPa) UTS(MPa) EL(%)

SLM
0° 830 970 11.5
90° 850 950 8.7

EBM
0°
90°

510
560

610
670

13.0
8.8

3.2

3.2.1

Table 1 SLM EBM RM

RM (EL) 16.3 %

SLM 8.7 % EBM 8.6 % 2

EBM RM

SLM (UTS) 0.2 % (YS)

10 %

3.2.2 450 °C

Table 2 450 °C SLM EBM

SLM 1.3 EBM

1.5 0° 90°

SLM EBM 10 %

450 °C

0.2 %

SLM EBM 1.5

3.2.2 450°C /400MPa

Fig. 5 SLM EBM RM 450 °C 

/400 MPa

RM RM STA

Fig.5 (a) Creep strain-time curves and (b) strain rate-Creep 

strain curves at 450°C/400 MPa.

RM 20 % 10 %

SLM EBM

450 °C

Fig. 5(b)

RM

SLM

4.1 

Table 1, 2

(450 °C)

IN718

IN718

5) Ti-6Al-4V

6
6)

IN718
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4.2 SLM EBM

3.1 SLM EBM

EBM

-Widmanstätten EBM

SLM

EBM

SLM EBM

EBM

0.5 0.8 Tm

( )
7)

SLM Ar

EBM

EBM SLM

1. Ti-6Al-4V

SLM

2. EBM -Widmanstätten

SLM EBM

3. 450 °C

SLM EBM

SLM EBM

1.5

4. 450 °C /400 MPa

EBM SLM

1) :

, (2015)
2) , :

, , Vol.64, No.2 
(2014) pp.28-32.

3) G. Lütjering, J. C. Williams: Titanium, second Edition, 
(Springer, Berlin Heidelberg, 2007) pp. 34

4) R. Pederson: Licentiate Thesis, Luleå University of 
Technology (2002)

5) K.Kakehi: Mechanical Engineering, Nikkan Kogyo 
Shimbun, Vol.64 (2016) pp.76-82

6) : Vol.53 No.1 (2014) pp.11-17
7) : Vol.3 No.3 

(2014) pp.152-157
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C-1

Measurement of Heat Release Fluctuation
in Gas Turbine Combustor at High Temperature and Pressure 

*Shinichi FUKBA, Yuichiro KIMURA, Yusuke TANAKA,
Toshihiko SAITOH, Satoshi TAKIGUCHI, Keijiro SAITOH (MHI)

ABSTRACT

Mitsubishi Hitachi Power Systems, Ltd. (MHPS) has been developing highly-efficient gas turbine combined 

cycle (GTCC) power generation with the Research & Innovation Center of Mitsubishi Heavy Industries, Ltd. 

(MHI). M501J type, the world's first 1600°C-class gas turbine was developed by utilizing the technology 

acquired in the national project “The technology development of high efficiency gas turbine which started 

from fiscal 2004. For the next generation GTCC, it is essential to understand the details of unsteady phenomena 

of the combustion process, which is the key to enhance the capability of low emissions and reliability under the 

condition of high combustion temperature.

This paper presents the evaluation of combustion characteristics of a full-scale gas turbine combustor under a 

fully reproduced condition of an actual engine, by means of both the experiment and numerical simulation. The 

flame chemiluminescence data from high pressure combustion test are analyzed to understand the flame 

structure. In addition, Large Eddy Simulation (LES) are conducted and simulation results are validated with 

experimental results.

Key words: Combustor, Flame Chemiluminescence, LES
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~

5)

LES

FGM

1700

1700 C )

1)
, , Vol.52, No.2 (2015) 

pp.2-9.
2)

, , Vol.52, No.2 (2015) 
pp.15-22.

3) F.Güthe, D.Guyot, et al.: Chemiluminescence as 
diagnostic tool in the development of gas turbines, 
Applied Physics B, Vol.107, Issue.3 (2012) pp.619-636.

4) CFD

53 (2015)
pp.106-107.

5) A.Innocenti, A.Andreini, et al.: Numerical analysis of the 
dynamic flame response and thermo-acoustic stability of 
a full-annular lean partially-premixed combustor,
Proceedings of ASME Turbo Expo 2016,
GT2016-57182.
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C-2

Reduction of PM emission from an RQL combustor with aviation bio fuel 

*Hitoshi FUJIWARA, Mitsumasa MAKIDA, Kazuo SHIMODAIRA, Hideshi YAMADA,  
Keiichi OKAI, Takuya MIZUNO (Japan Aerospace Exploration Agency),  

and
Masaharu NAKAMURA(Mitsubishi Heavy Industries) 

ABSTRACT 

Key words: Hydro-treated ester and fatty acid (HEFA), non-volatile PM, aromatic content 

Kerosene( ) HEFA

Table 1 HEFA

Kerosene

Kerosene 2

HEFA
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Makida, M., Yamada, H. and Shimodaira, K., “Detailed 
Research on Rich-Lean Type Single Sector and full 
annular combustor for small aircraft engine,” 
ICAS2014-0628, 2014.
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C-5
 
NSP  

 

 

 
YSEC  

 
Numerical Analysis of Annular Combustor for NSP Micro Jet Engine 

 
*Hiroto SUZUKI (Niigata Univ.), Koji MATSUBARA and Yusaku MATSUDAIRA(Niigata Univ.)  

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

ABSTRACT 

NSP (Niigata Sky Project) has been developing less than one hundred horsepower micro jet engine, which had 

never been commercialized. This micro jet engine needs to improve fuel evaporation tubes, adopt fuel injectors 

and change figures of combustor in order to achieve high efficiency combustion. Therefore, I have been 

forwarding this research by numerical analysis. This paper reports numerical analysis model of annular 

combustor, adequacies of numerical analysis results and examples of numerical analysis for improving fuel 

evaporation tubes. Besides, this report also considers fuel evaporating phenomenon and combustion 

phenomenon of evaporating fuel, which are difficult to observe in the experiment. After this, we are planning to 

apply this analysis to the study of new combustor, which vibratory and incomplete combustion are less likely to 

occur. 

Key words: Micro Jet Engine, Combustor, Numerical Analysis, Annular, Fuel Evaporation Tube 
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Fig.1  1/6 Combustor Model 

 

 
Fig.2  Air and Fuel Stream 

 

Fig.3

Fig.3 10mm

Fig.3  Close-Up of Fuel Evaporation Tube 

( Fuel Flow, Nozzle Exit) 

Fig.4 Fig.5

408

8.4mm 131

Fig.4  Computational Grid 

 

Fig.5  Computational Grid in Fuel Evaporation Tube 
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Fig.6  Mean Temperature against Mixture Fraction 

Fig.7 (A)

(a)

(b)

Fig.7(B) (A)

Fig.8
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Fig.9
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Fig. 9 Velocity Vectors on cross-section (b) 
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Fig.11 Mass Fraction of O2 

Fig.12 Temperature contour 
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Table 1
(2)

80

 

Table 1 Comparison of Simulated Temperatures  

with Theory (K) 
 Present Theory 
Maximum 2491.8 2464.0 
Exit 809.8 801.8 

Table 1 27.8[K]

8[K]

1/6
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C-10

Development of the Micro Gas Turbine for 250kW class 
 SOFC-MGT hybrid systems

*Masato Kawano, Keisuke Arai and Yoshinori Yasui (Toyota Turbine and Systems Inc.) 

ABSTRACT 

This report describes development and a proof evaluation of the micro gas turbine to use for the hybrid system 

which coupled micro gas turbine with SOFC(Solid Oxide Fuel Cells). Gas turbine supplies compressed air to 

SOFC. Gas turbine generates electricity with the fuel which finished a reaction in SOFC and with the air which 

finished a reaction in SOFC. We remodeled the main body of gas turbine to fit SOFC system, and developed the 

combustor which could burn with low-calorie fuel from SOFC. We developed the control to link SOFC, and to 

control the gas turbine for SOFC. 

Key words: Micro Gas Turbine, Solid Oxide Fuel Cells (SOFCs), Hybrid System, Compressor, Combustor, 

Control, 
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Fig.1  Flow diagram of SOFC-MGT hybrid system.
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Table 1  Specifications of Micro Gas Turbine 

Fig.4  Micro Gas Turbine cross section view. 

Table 2  Gas condition from SOFC. 

Fig.5  Power decreasing TG051R for SOFC 

Fig.3 50kW Class Micro Gas Turbine. 
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Fig.6  Combustor cross section view 

Fig.7  Combustion test Result 

Fig.8  Operation mode change 
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Fig.9  Appearance of model 10 SOFC-MGT  

Installed at the Tokyo Gas Co.,Ltd’.s Senju Techno 

Station It was provided by MHPS

Fig.10 Long term behavior of model 10 SOFC-MGT 

hybrid system installed at  Tokyo Gas Co.,Ltd’.s Senju 

Techno Station It was provided by MHPS

Fig.11  Experiment to reduce main fuel 

Fig.12  Appearance of model 15 SOFC-MGT hybrid 

system installed at the Next-Generation Fuel Cell 

Research Center(NEXT-FC) in Kyushu University 

It was provided by MHPS

Fig.13  MGT installed in SOFC.BOP. 
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C-12

Ammonia utilization for gas turbine 
  

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

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

ABSTRACT 

Ammonia is one of the candidates of hydrogen carrier. AIST carried out demonstration tests with the aim to 

show the potential of ammonia-fired power plant. 50kW class turbine system firing kerosene is selected as a 

base model. A standard combustor is replaced by a prototype combustor which enables a bi fuel supply of 

kerosene and fuel gas. The gas turbine started firing kerosene and increased its electric power output. After 

achievement of stable power output, ammonia gas was started to be supplied and its flow rate increased 

gradually. Over 40kW power output was achieved by firing ammonia gas only and over 40kW power output was 

also achieved by co-firing methane and ammonia. Ammonia gas supply increases NOx in the exhaust gas 

dramatically. However NOx removal equipment via Selective Catalytic Reduction can reduce NOx successfully. 

Key words: Micro gas turbine, Ammonia, Combustion, Hydrogen carrier, Methane 

Table 1  Properties and combustion characteristics 
of ammonia

  33.4  
 1.177MPa 30  

 0.85MPa 20  
 0.76 g/l 0 0.1013MPa  

( )  0.59 1 25  
 

 
 651  

 840 930  
 15 28% 

 18.6MJ/kg 

 7cm/s 
1/5 
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Table 2  

Gas pressure 
reducing valve 

50kW class
gas turbine

NOx
removal

equipmentFuel gas 
compressor 

50kg cylinder 
(liquefied 
ammonia) 

gas
<0.2MPa Gas

<0.5MPa

Bypass

Heating by water

gas
>0.35MPa

 
Fig.1  Temporary test facility of a micro gas firing 
ammonia gas with kerosene  

 

Fuel gas 
compressor 

50kW class
gas turbine

NOx
removal

equipment

1 ton cylinder 
(liquefied 
ammonia) 

Vaporizer

Gas
<0.5MPa

Liquid Pressure 
reducing valve 

gasliquid
<0.2MPa
<216kg/day

Electric Heating

 
Fig.2  Test facility of a micro gas turbine firing
ammonia gas 

 

Fig.4  Replacement of a gas turbine combustor  

12

 
Fig.3  Prototype gas turbine combustor 
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Fig.5  Power output and fuel consumption with 
nitrogen supply 

Fig.6  21kW power generation operation co-firing 
kerosene and ammonia at 75,000rpm of rotating speed  
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Fig.7  41.8kW power generation operation firing 
ammonia at 80,000rpm of rotating speed  

Fig.8  41.8kW power generation operation co-firing 
methane and ammonia at 80,000rpm of rotating speed  
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Fig.9  NOx emission (41.8kW power generation, 
80,000rpm of rotating speed)  

Fig.10  Flame observation (39.1kW power 
generation, 75,000rpm of rotating speed) 
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C-16

Technologies to enhance the efficiency for Shin-Sendai Thermal Power Station 
 Unit No.3 series 

*Satoshi TAKANO (Tohoku  Electric Power Co., Inc.) 
ABSTRACT 

Tohoku Electric Power Co., Inc. is working diligently to improve Gas Turbine Combined Cycle (GTCC) 

efficiency in order to meet society’s requirement reducing environmental impact and supplying inexpensive 

stably electric power, since installed Japan’s first GTCC in Higashi-Nigata Thermal Power Station. Moreover, 

when decide to install its gas turbine, the company provides the manufacture with feedback about knowledge 

that based on deep understanding of the operation and maintenance technologies, to improve design and 

reliability of new frame and technology. 

Shin-Sendai Thermal Power Station unit No.3 is first installed the M701F5 gas turbine which based on its 

predecessor the M701F4 structurally and which incorporates advanced component technologies applied to other 

gas turbine model. This unit are planned to achieve the highest level of efficiency in the world (more than 

60%LHV), which are adopted the latest gas turbine firing 1500  class turbine inlet temperature.

This paper introduces Shin-Sendai Power Station unit No.3 which achieve higher efficiency and higher 

operability.

Key words: Gas Turbine, Combined Cycle, High Efficiency, Turbine Inlet Temperature, Electric Power, 

M701F5, Shin-Sendai Thermal Power Station  

1970

2

GTCC 3

1090MW 1984

3 TIT

1100 M701D

48%

LHV GTCC

3

1989 6

M701G TIT1450

4-1 805MW

55% LHV

1999

1959

40 1 3

GTCC 4 446MW

2010 7 4

TIT 1440

HN3   : Higashi-Niigata Unit No.3 

HN4-1, 2 : Higashi-Niigata Unit No.4-1, No.4-2 

S4 : Sendai Unit No.4 

SS3  : Shin-Sendai Unit No.3 

Fig.1  Historical trend of thermal efficiency 
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Table 1 Fig. 2

Table 1  Comparison of Shin-Sendai units 
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Fig. 2  Aerial view of No.3 Shin -Sendai power station 
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Item 
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No.3-1 No.3-2 No.1 No.2 

Type of 

Generation 

Combined-Cycle 

(Gas and Steam 

Turbine) 
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(Steam Turbine) 

Output 490MW 490MW 350MW 600MW 

Fuel LNG 
Heavy 

Oil 

Heavy 
Oil 

Natural 

Gas 

Commercial
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DEC,2015 JUL,2016 JAN,1971 JUN,1973
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Fig. 4 Features of M701F5 gas turbine
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Fig. 12  Compressor inlet flow 

Fig. 13  Pressure dynamics in compressor
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Fig. 14  Combustor pressure dynamics result 

Fig. 15  Combustor metal temperature result 

Fig. 16  NOx emission result 
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Fig. 17  Turbine row 1 vane metal temperature
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Fig. 19

Fig. 18  Rotor vibration

Fig. 19  Vibratory stress at turbine exhaust
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Fig. 20  Inspection result after 100% load operation
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C-18

Fundamental research and technology development of JAXA Aeroengines
Analysis, instrumentation, and testing technologies for jet engine R&D

*Hisao FUTAMURA, Takeshi YAMAMOTO (JAXA)

ABSTRACT

JAXA Propulsion research unit holds various test facilities relating aircraft propulsion systems, those are kept 

good condition for our own research use and for others’ demands. In order to lead developing engine 

technologies up to date, we have to introduce advanced technologies for analysis, instrumentation, and testing to 

support precise and accurate data production. The current fundamental research activities and facilities 

innovation are presented in this paper with research projects and background information.

Key words: Engine testing, Exhaust emission, Engine noise, Numerical analysis, Thermodynamics

5%
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2014 (2014 6 )1)
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)2)

( 1)3) 27 4
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Total mass [kg] 1.4
Size [mm] 104×400

Maximum thrust [N] 83.4
Max rotating speed (Design point) [rpm] 130,000

Max exhaust gas temperature [ ] 800
Max fuel flow rate [m /min] Approx. 270

C-20

Research on the chevron nozzles using a small turbojet engine 
*Gakuyo TAMADA and Toshiaki TSUCHIYA (Kanazawa Institute of Technology) 

ABSTRACT 

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 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. In addition, this research has conducted CFD analysis by Large-Eddy Simulation (LES) in order 

to investigate effect of the mixing of the jet shear layer by Chevron at the nozzle exit. Based on the results of 

CFD analysis, it has been found that the chevron nozzle with straight section leads to a decrease in the 

magnitude of vorticity.

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

(Sophia Precision J850

 : )

( )

1

1

ECU

2

Fig. 1  Experimental apparatus 

Table 1  Engine specification 

Fig. 2  Control system of the turbojet engine J850 
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(Nozzle )

(Nozzle )

1)

3

4 5 2

6

Fig. 3  The tested chevron nozzles 

Fig. 4  Chevron shape 

Fig. 5  Chevron penetration 

Table 2  Geometric details of the chevron nozzles 

Fig. 6 Photographs of the five chevron (plus one baseline) 

nozzles used in the experiment abcdefghijk

( )

90,000 120,000[rpm]

10,000[rpm]

10 7

Fig. 7  Sound level meter locations 

RION NL-22

5

Chevron
count

Chevron
angle 
[deg]

Chevron
length
[mm]

Exit
diameter

[mm]

Chevron
penetration

[mm]
TYPE1 0 0 0 35 -
TYPE2 5 60 6.71 35 0.52
TYPE3 5 45 11.62 35 0.91
TYPE4 5 30 20.12 35 1.57
TYPE5 10 45 5.81 35 0.45
TYPE6 20 45 2.91 35 0.23
TYPE1 0 0 0 35 -
TYPE2 5 60 6.71 35 0
TYPE3 5 45 11.62 35 0
TYPE4 5 30 20.12 35 0
TYPE5 10 45 5.81 35 0
TYPE6 20 45 2.91 35 0

Nozzle ID

Nozzle

Nozzle

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

                         274 / 298



8 (Overall sound 

pressure level : OASPL)

Near-Field

Far-Field 2

120,000[rpm] 9

120,000[rpm]

(a) A Group (Left: Nozzle  Right: Nozzle ) 

(b) B Group (Left: Nozzle  Right: Nozzle ) 

Fig. 8  Comparison of OASPL (Position ) 

2.0 2.5[dB]

A

B TYPE3 TYPE5,6

( )

St

(St=0.2

)

(St=1.2 )

(a) FFT analysis results (A Group , Nozzle ) 

(b) FFT analysis results (A Group , Nozzle ) 

(c) FFT analysis results (B Group , Nozzle ) 

(d) FFT analysis results (B Group , Nozzle ) 

Fig. 9  Comparison of measurement position  and 

(120,000[rpm])Abcdefghijklmnopqrst

10

11
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11(a),(b)

11(a),(b)

8

  

TYPE1

12(a),(b)

TYPE1

12

(a) A Group (Left: Nozzle  Right: Nozzle ) 

(b) B Group (Left: Nozzle  Right: Nozzle ) 

Fig. 10  Comparison of specific thrusts 

(a) A Group (Left: Nozzle  Right: Nozzle ) 

(b) B Group (Left: Nozzle  Right: Nozzle ) 

Fig. 11  Comparison of equilibrium running lines 

(a) OASPL  (b) Corrected thrust 

Fig. 12 Effective outlet area ratio 

(a) OASPL  (b) Corrected thrust 

Fig. 13 Chevron penetration rate 

C
or

re
ct

ed
 s

pe
ci

fi
c 

th
ru

st
 

C
or

re
ct

ed
 s

pe
ci

fi
c 

th
ru

st
 

C
or

re
ct

ed
 s

pe
ci

fi
c 

th
ru

st
 

C
or

re
ct

ed
 s

pe
ci

fi
c 

th
ru

st
 

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

                         276 / 298



13(a),(b) (Chevron 

penetration rate)

( )

13

14

  

Fig.14 Chevron penetration rate vs. Effective outlet area 

ratio0123456789012345678901234567

0

LES

  

Software Cradle SCRYU/Tetra V11

SGS (Subgrid Scale model) DSM(Dynamic 

Smagorinsky Model)

2 (Q )

15

(a) Z=0 

(b) X=0 (Nozzle exit) 

Fig.15 The cut section view of the mesh 

(Nozzle inlet)

(Inlet)

( ) (Outlet)

(Nozzle)

(Side)

16
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Fig.16 Cut pattern along jet axis 

Fig.17 Contours of the average magnitude of vorticity 

(Left:TYPE1 Right:TYPE4)1234567

Fig.18  Iso-surfaces of Q parameter colored by the 

magnitude of vorticity (Left:TYPE1 Right:TYPE4) 

(a) TYPE1 

(b) TYPE4 

Fig.19  Magnitude of vorticity contours of the jet shear 

layer at X/Dout=0.0~5.01234567890

17,19 TYPE4 TYPE1

18

20

20 0.0 5.0

TYPE1 TYPE4

Fig.20  Magnitude of vorticity (With and without chevrons)
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(4)

(5)

 1)

 2)
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No.167-1,(2016)

TYPE1 TYPE4 
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Vorticity
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