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Development of Combustor for Supercritical CO, Turbine

Yasunori IWAI, Yuichi MORISAWA, Shinju SUZUKI, Masao ITOH (Toshiba)

ABSTRACT
The novel thermodynamic power cycle developed by NET Power can capture 100% of atmospheric emissions including

all carbon dioxide, and can be driven with high thermodynamic efficiency. The proprietary system achieves these results

through a closed-loop, high-pressure, low-pressure-ratio recuperated Brayton cycle that uses supercritical CO, as the

working fluid.

Toshiba, NET Power, CB&I and Exelon are partnering to commercialize this system by developing a 25MW-class pilot

plant that is scheduled to begin testing in 2016. Toshiba has undertaken the development of the new combustor and turbine

that will be required due to the pressures, temperatures and working fluid of this cycle. In this project, we are planning

that combustor exit temperature is 1150 degree C and combustor inlet pressure is about 30MPa at design

point. We achieved oxy-fuel combustion test using natural gas in 30MPa condition, test results of combustor

test are introduced in this paper.
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Fig.5 Test stand at time of ignition3
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Fig.6 Time trend of mass flow
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Fig.7 Time trend of pressure and exit temp.
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Consideration on Combustion Method for Low NOx Combustor of
Hydrogen Gas Turbine

YUASA Saburo (Tokyo Metropolitan Univ.)

ABSTRACT

CCS-IGCC plants require gas turbines using high-hydrogen fuels with ultra-loww NOx emission. This paper considers the
combustion method for low NOx combustors of hydrogen gas turbines. The combustion characteristics of hydrogen lead to
the concept of combustor with small distributed lean-premixed flames without flash back. Resent low-NOx combustors using
high-hydrogen fuels have flat configurations with micro-premixing fuel multi-injectors. An examination of the characteristics
of these combustors indicates that the dominant design factors for attaining low NOx emission are the exit diameter and
injection velocity of lean-premixing injectors. NOx emission tended to decrease with decreasing the injector diameter and

increasing the injection velocity.

Key words: Hydrogen Gas Turbine, Low NOx Combustor, Premixed Combustion, Multi-injector, Small Flame
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The development of hydrogen content gas combustion technology
*Takeo Oda, Toshiaki Sakurazawa, Yasuhiro Kinoshita(Kawasaki Heavy Industries, Ltd.)

ABSTRACT

Kawasaki Heavy Industries, Ltd.(KHI) proceed the development of hydrogen gas turbines. The
combustion technologies are key technology to develop them. To use hydrogen/hydrogen rich
gases in gas turbine combustor is known to make much nitrogen oxide(NOx) during diffusion
combustion by their high flame temperature, and to increase the risk of flashback during premix
combustion by their high flame speed. KHI has already developed and commercialized DLE
combustors featuring a multistage burner process employing a pilot burner as well as main and
supplemental burners. The new development builds on the proven technology of the DLE
combustor and uses the pilot and main burners for natural gas, while enhancing the
supplemental burners, which provide minimal risk of flashback for burning hydrogen gas.
Key words: Combustor, Hydrogen
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Development of Gas DLE with Liquid Stand-by Combustion System
for Kawasaki L20A Gas Turbine

*Yoshinori MATUSO, Kiyoshi MATSUMOTO and Masahiro OGATA (KHI)

ABSTRACT
While it is very important to reduce NOx emissions for the gas fuel from the viewpoint of the environmental
protection, KHI focuses on the development of flexibility about operation and fuel in order to meet various
customer requirements. KHI has developed gas DLE with liquid stand-by combustion system for Kawasaki
L20A gas turbine. The liquid stand-by DLE combustor can fire gas fuel in low NOx mode, and liquid fuel in the
stand-by mode. Emission target at the gas fuel is NOx < 15ppm and CO < 25ppm(0,=15%). This development
could achieve the target emissions level during the load range of 50-100% at the engine test.

Key words: Combustor, Gas fuel, Liquid fuel
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Large-Eddy Simulation of a Turbulent Spray Combustion Field of
a Full Annular Combustor for Aircraft Engine

*Takayuki NISHIIE (NuFD), Mitsumasa MAKIDA(JAXA), Naoki NAKAMURA (ASIRI),
Ryoichi KUROSE (Kyoto Univ.)

ABSTRACT
Large-Eddy Situation (LES) is applied to a turbulent spray combustion field in a full annular combustor for aircraft
engine. An extended flamelet/progress-variable method is employed as turbulent combustion model due to the advantage of
computational cost and consideration of detailed chemical kinetics. A large-scale parallel computation is curried out using
the supercomputer “K”. The results show that predicted combustor exit temperature distribution well agrees with

measurement, which suggests that present approach is capable of capturing the general feature of the turbulent spray

combustion field in a full annular combustor for aircraft engine.

Key words: Jet engine combustor, Large-Eddy Simulation, Spray combustion, Flamelet method, HPC
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Table 1 Test conditions

Inlet air mass flow rate [kg/s] 8.86
Inlet air temperature [K] 550.0
Fuel mass flow rate [kg/s] 0.1211
Fuel temperature [K] 333.15
Inlet air total pressure [Pa] 738100

Table 2 Analytical condition

Turbulent model Standard Smagorinsky
. Zero-Mach number
Fluid model S
approximation

Flamelet/Progress variable
WSGG
Oxidizer : Air [mass %]
0, 23.3%, N, 76.7%,
Fuel : Jet-A  [mass %]
CioHye 45% CgHig 29%
C;Hg26%
2" order central  92%
1% order upwind 8%
Euler implicit
1.0E-6

Combustion model
Radiation model

Chemical species

Convection term
discretization scheme
Time integration method
Time step size [s]
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Fig.3 Schematic of computational mesh geometry.
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Fig.4 Liquid fuel droplet distribution inside full annular
combustor.

Fig.5 Iso-surface of gas temperature (1600K) inside full
annular combustor .
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The Effect of Flow Passage Geometry on Opposed Impinging Jet Mixing

—Muixing Performance—
*Takahisa NAGAQO(IHI), Shinsuke MATSUNO(IHI) and A. Koichi HAYASHI(Aoyama Gakuin Univ.)

ABSTRACT

In order to evaluate a mixing of fuel with dilution

air in jet engine, unsteady turbulent flow analysis is

performed in a simplified combustor. The flow channel consists of the opposed jets and cross-flow, which are
normal to each other. A mixing performance and mixing behavior are studied using parameters, S/D and H/D. As

a result, we find that mixing performance is estimated by the parameter C=S/H*sqrt(J) when H/D=5 or less and

becomes well when C is large. When H/D is larger than 5, say 7.5 and 10, there exist the conditions where

mixing performance becomes worse. Because the interaction between two opposed jets occurs downstream the

potential core, it is considered in this case that mixing performance by opposed jet interaction is weakened.

When H/D is small, the interaction between two opposed jets occurs in the potential core. It suggested that the

mixing performance is sensitive by the positional relation with a potential core and collision plane of two jets.

Key words: Jet engine, Combustor, Opposed jets, mixing, LES
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Table 1 Configurations and conditions of calculated

cases
Type | S/D H/D Name J
A 5.0 5.0 S5-H5 4,9,16,36,64
B 5.0 3.75 S5-H3.75 4,9,16,36
C 5.0 7.5 S5-H7.5 4,9,16,36
D 5.0 10.0 S5-H10 9,16,36,64
E 25 5.0 S2.5-H5 4,9,16,36
F 3.75 5.0 S3.75-H5 4,9,16,36
G 6.25 5.0 S6.25-H5 4,9,16,36
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Influence of Overall Pressure Ratio Increase on Combustion Characteristics of
Lean Axially Staged Combustor

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

ABSTRACT

JAXA started research and development of advanced technologies to reduce CO2 and NOx emissions and
noise from aircraft enginesin 2013. The program is named “Green Engine.” NOXx target of the program isa 75%
reduction over the NOx threshold of the sixth Committee on Aviation Environmental Protection (CAEP/6) of the
International Civil Aviation Organization (ICAO). Overall pressure ratio of the target engine is 35.0. Maximum
thrust is 89kN. Bypath ratio is 13. Verification of low emissions, stable operation, ignition, and so on by core
enginetest is planned. As afirst step, high pressure combustion tests of the lean axially staged combustor, which
was developed in TechCLEAN program, are conducted under combustor conditions of Green Engine landing
and take-off cycle. From the test result, it was found that, all NOx emission indexes of Green engine condition
are bigger than those of TechCLEAN, but most emission indexes of HC and CO are smaller. Total emissions of
NOx, HC, and CO in landing and take-off cycle of Green engine are smaller than TechCLEAN and much

smaller than ICAO standards.

Key words: Green Engine, Aircraft engine, Lean axially staged combustor, NOx, HC, CO, Smoke
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Tablel Combustor Conditionsof LTO Cycle of
TechCLEAN Target Engine

Condition | Unit | 7% | 30% | 85% | 100%
Pressure kPa | 487 | 1077 | 2266 | 2619
Temperature | K | 503 | 609 | 756 | 787

Fuel flowrate | g/s | 4.24 | 10.33 | 30.27 | 36.91
Air/fudl ratio - 932 | 765 | 470 | 429

Table2 Combustor Conditions of LTO Cycle of
Green Engine

Condition Unit | 7% | 30% | 85% | 100%

Pressure kPa | 548 | 1348 | 3070 | 3528
Temperature K | 524 | 644 | 804 837
Fuel flowrate | g/s | 4.36 | 12.34 | 38.88 | 47.75
Airffuel ratio - |84.67| 66.78 | 41.43 | 37.65

Table3 CAEP/6 Standards and NOx Targets

Condition | NOx | HC | CO | SN | NOx target
Unit | g/kN |g/kN| g/kN | - g/kN
Clean 69.0 (19.6|118.0| 304 13.8
Green 68.9 [19.6|118.0| 244 17.2
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Table3 Emission Dataunder 7% MTO Condition

EINOx |EIHC|EICO| CE | SN
Unit | o/kg | gkg | gkg | % -
Clean| 3.97 | 0.75 | 24.51|99.35| 0.00
Green| 4.76 | 0.51 [20.97|99.45| 1.17

Table4 Emission Dataunder 30% MTO Condition

EINOx |[EIHC|EICO| CE | SN
Unit | o/kg | gkg | gkg | % -

Clean| 7.14 | 0.14 | 6.45 |99.83|12.52
Green| 888 | 0.15 | 3.83 |99.89|12.92
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Table5 Fuel Splits and Emission Indexes under
85 % Thrust Conditions

Fuel split| AFR |EINOx | EIHC|EICO| CE
Unit % - okg | okg | gkg | %
P:10.1 [P:50.0

Clean (=0] E:inf. | 1.89 | 0.00 | 2.17 |99.95
M:89.9 |M:21.6
P:10.1 |P.49.2
Green| E: O E:inf. | 3.22 | 0.03 | 0.62 |99.98
M:89.9 |M:21.3

Table6 Fuel Splits and Emission Indexes under
100 % Thrust Conditions

Fuel split| AFR | EINOx |EIHC|EICO| CE
Unit % - okg | gkg | gkg| %
P.7.3 | P:63.9
Clean| E:149 |E:265| 1.00 | 0.00 | 1.18 [99.97
M:77.8 | M:23.0
P92 | P.49.7
Green| E:185 | E:31.4| 2.06 | 0.01 | 0.11 |99.99
M:72.3 |M:24.2
5.0
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Fig.7 Dependence of EINOx on Inlet Pressure and
Overal AFR of Combustor
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Table7 Total Emissions of the Lean Axially Staged
Combustor in Green Engine LTO Cycle
Relative to CAEP/6 Standards

NOx | HC | CO Max. SN
Unit % % % %

Clean | 19.2 | 6.8 | 40.0 | 41.1(30%MTO)

Green | 159 | 29 | 184 | 52.9 (30%MTO)
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Combustion Characteristics of LPP Combustor with Air Split Control
by Fluidic Diverter

*Seiji YOSHIDA, Takeshi YAMAMOTO, Kazuo SHIMODAIRA and Yoji KUROSAWA(JAXA)

ABSTRACT

Air flow split ratio between pilot fuel nozzle and main fuel nozzle in a lean-staged fuel nozzle was varied by a

fluidic diverter to improve its combustion performance. Fluidic diverter is one of fluidic device, which have no

moving part in main flow path. Combustion test of a single sector combustor which has a lean-staged fuel nozzle

with fluidic diverter was performed under high-pressure and high-temperature condition which simulates a sea level

static operating condition from 7% to 100% of maximum take-off thrust of a 5 tons thrust class jet engine. Air flow

rate of the pilot burner and the main burner were calculated from wall pressures in the fuel nozzle. The results

showed that the ratio of the maximum and minimum pilot air flow was 1.4:1. The result of exhaust gas analysis

showed that the combustion efficiency was improved while NOx emission didn’t increase.

Key words: Aero engine, Combustor, Air flow control, fluidic device
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Effect of Droplet Coalescence and Breakup in Duct

of Inlet Fogging Cooling System
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ABSTRACT
Effect of coalescence and breakup on droplets of Inlet Fogging Cooling system was studied numerically using
CFD-code, FLUENT. Coalescence and breakup of droplets may affect the diameter of the droplets, and the
diameter of the droplets affects evaporating behavior which causes the cooling. Many simulation calculations
were executed for this evaporation cooling, however, investigation for this droplet coalescence and breakup with

a real model has not been done enough. In this study, simulation calculation with a real model of Inlet Fogging

Cooling apparatus considering the coalescence and breakup effect were examined, and those results were

compared with numerical results without coalescence or breakup, and experimental results about the amount of

drainage water. From the result, the amount of drainage was overestimated by numerical results with the effect

of coalescence and breakup, and underestimated by those without the effect. Another optimized calculation

model for coalescence and breakup will be required for accurate calculations.

Key words: Inlet fogging cooling, Numerical analysis, CFD, Droplet, Coalescence, Breakup
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Fig. 4. Contour plots of temperature at the outlet.
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Table 1. Summary of the experimental and numerical
results.
Experiment | Numerical ~ Numerical
al without c/b with c/b
Drainage | 57 194 13.5% 52.0%
ratio
Temperature
decrease at 4.1[K] 413 [K] 3.25[K]
the outlet
hﬁﬁﬁﬁﬁﬁiu 0.0086 | 0.0088 0.0083
the outlet [ka/kgDA]™ | [kg/kgDA]  [kg/kgDA]
Sauter mean
diameter at | 14.0 [um]® | 14.3[um]  30.9 [um]
the outlet

AR ZBE L WER (without c/b) &35
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Fig. 5. Position of cross-sectional planes.
Table 2. Summary of the mass flow rate (mg) and

Sauter mean diameter (Ds;) of the droplets at each
cross-sectional plane (A)-(E).

Without c/b with c/b
Mg D3, Mg D32
[ka/s] [um] [kg/s] [um]

*: Trace data by one-dimensional analysis
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(A) | 2045 14.72 2.092 20.65
B) | 1.955 14.51 1.841 24.78
(€ | 1881 14.48 1.833 31.25
(D) | 1.792 14.38 1.674 36.56
(E) | 1561 14.25 0.595 30.88
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Effect of Flow Control Device for Gas Turbine Vane Film Cooling

*Hirokazu KAWABATA and Ken-ichi FUNAZAKI (lwate University)
Hisato TAGAWA and Yasuhiro HORIUCHI (Mitsubishi Hitachi Power Systems, Ltd.)

ABSTRACT

This study deals with the studies of the effect of flow control device (FCD) on a turbine vane film cooling.
Aiming for improving film effectiveness, two semi-elliptical FCDs per a pitch were attached obliquely upstream of the
cooling hole of the pressure and suction sides of the vane. In this study, the effects height of FCD was investigated. As
a result, the film effectiveness became significantly higher than that without DFCD condition. Moreover, the
improvement in the film effectiveness by FCD was observed by both of the pressure and suction sides of the turbine
vane. In the suction side, the effect of the height of FCD was more distinct compared with the pressure side.
Key words: Turbine, Control, Film cooling, Heat transfer
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Table 3 Blowing ratio of test conditions
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Conjugate Heat Transfer Simulation with Unsteady RANS Simulation

*Takashi YAMANE (JAXA) and Yuhi TANAKA (TUAT, graduated)

ABSTRACT
The conjugate heat transfer simulation is expected to simulate precise temperature distributions of turbine

cooling structures and contribute to the reduction of cooling air usage. This method has mainly been used to

predict steady state temperature because of the large difference of time scales between RANS flow simulation

and thermal conduction in solid materials, thus the accuracy of temperature estimation depends on the modeling

of turbulence. Despite many efforts to improve turbulence models, an inherent limitation of RANS and
turbulence modeling and the necessity of unsteady simulation for better accuracy in heat transfer simulations
have been pointed out. In this study, the “Time Smoothing” method which enables the coupling of URANS and

the steady thermal conduction has been applied to the temperature estimation around pin fin array and showed
some improvements in comparison with experimental data.
Key words: Compressor, Combustor, Turbine, Control, Maintenance
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Study of Heat Transfer Transient Measurement Accuracy
Using Infrared Camera and Heater Mesh on Gas Turbine Conditions

* Takaaki HASE, Satoshi MIZUKAMI and Eisaku ITO (MHI)

ABSTRACT

The accuracy of heat transfer coefficient is important for the prediction of heat load of cooled
turbines as well as for cooling design. In the design process, heat transfer coefficient is mainly
predicted using empirical equations or test results. One prospective method to measure heat transfer
coefficient correctly is to use a heater mesh and an infrared (IR) camera (Oldfield, 2008™, O’ Dowd,
2009, In this study, heat transfer coefficient of flat plate, a cylinder and the 1st vane suction
surface are measured. By comparing a flat plate and cylinder results with empirical formula the
measurement precision can be quantified. Then by comparing the 1st vane results with conventional
steady method result, it was determined that there was enough measurement precision in
consideration of measurement error. The experimental error and method for higher precision are

discussed in this paper.

Key words: Heat Transfer, Gas Turbine, Transient Technique.
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Study on Performance Improvement of Tree Blades Gyro-mill Type Wind Turbines

*ZHU CHENG(M2 of Takushoku Univ.), Takanori HIRANO, Ichiro FUJIMOTO (Takushoku Univ.) ,
Masaaki HIRAMOTO (former lecturer of Tokyo Univ.) and Yasusuke KAWABATA (Takushoku Univ.)

®m  ABSTRACT
In order to improve the performance of gyro-mill type wind turbine, numerical analyses by the vortex method has been

done. The rotating torque of three blades gyro-mill type wind turbine was calculated as a parameter of tip speed ratio

and also set-up angle of blade. The result shows that there existed an optimum setting angle to tip speed ratio.

Key words: Gyro-mill type Wind Turbine, Vortex Method, Numerical Analysis
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Experimental Study of Split Plasma Electrode Effect on
Flow around 2D Wind Turbine Blade

*Hisashi MATSUDA, Yuta ONISHI, Fumio OTOMO, Motofumi TANAKA,
Tatsuro UCHIDA, Naohiko SHIMURA and Toshiki OSAKO (Toshiba)

ABSTRACT

Effect of split plasma electrode on leading edge separation flow control for a NREL S825 blade
of 400mm chord length ¢ was studied experimentally. Wind tunnel experiments were carried out
under chord Reynolds number of Re = Uc/v = 4.2x10° where main velocity of U = 15 m/s. With
changing angle of attack, static pressures around the test blade were measured and lift coefficients
were obtained. First, optimum duty ratio condition was examined. Second, split plasma electrode
effect was examined. With changing masked length L,, of the plasma electrode, lift coefficients
were evaluated for L, = Oc, 0.2c, 0.4c, 0.6¢, 0.8¢c and1.0c, respectively. It was found that affected
by plasma actuated flow, down stream flow of the masked region was also controlled even L, =
0.7c case. Possibility of reduction of useful length of the plasma electrode for flow separation

control was confirmed.

Key words: Plasma actuator, Wind tunnel experiment, Separation flow control, Duty ratio, Split electrode
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Flat Plate Experiments for Turbine Tip Clearance Flow Control
Using Ring-type Plasma Actuators

*Takayuki MATSUNUMA, Takehiko SEGAWA (AIST)

ABSTRACT

Innovative “ring-type” dielectric barrier discharge (DBD) plasma actuators have been developed to facilitate
active control of the tip leakage flow of a turbine rotor. The ring-type plasma actuators consisted of metallic
wires coated with insulation material, mounted in an insulator embedded in the tip casing wall. In order to
construct a two-dimensional model of the tip leakage flow, a flat plate was inserted with a certain clearance
between rectangular test section of a wind tunnel and velocity distributions near the plate tip regions were
analyzed by particle image velocimetry (P1V). The forcibly-induced tip leakage flow was successfully dissipated
by means of the plasma actuator flow control at constant input voltage, Vpp = 12.8 kV, and various input
frequencies from 8.6 kHz to 16 kHz. The most effective frequency for the reduction of the tip leakage flow was
14 kHz. The evaluation of power consumption was also carried out. In the flat plate experiments, the power
consumption for the reduction of 10 m/s tip leakage flow was estimated to 55 Watts.

Key words: Plasma actuator, DBD, Active flow control, Turbine, Tip clearance, Tip leakage flow, frequency
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Cascade Flutter Analysis of a Transonic Fan
Using Fluid-Structure Interaction Simulation

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

ABSTRACT
Fully coupled steady fluid-solid interaction (FSI) and flutter simulations were conducted on a NASA Rotor 67

transonic experimental fan to demonstrate the capability of the simulation for capturing various aeroelastic

phenomena in turbomachinery. The effect of blade deformation on the aerodynamic performance was

investigated by steady FSI. Aeroelastic modes were determined using the modal identification technique for the

vibration of the cascade. The proposed identification method successfully estimated aeroelastic modes with high

accuracy. Aeroelastic eigenvalues were localized around the structural modes forming “mode family”, and they

showed almost no change in frequency. The calculated aerodynamic coupling between the structural modes was

observed to be small. From these results, it was confirmed that the developed FSI method was applicable to the

analysis of unsteady characteristics of blades in multimode oscillation.

Key words: Fan, Aeroelasticity, Cascade Flutter, Light-weight structure, Fluid-Structure Interaction
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Fig. 1 Meridional view of the Rotor 67
Table 1 Design parameters of NASA Rotor 67

Number of blades 22
Aspect ratio 1.56
Hub/Tip ratio at L.E 0.375
Tip relative Mach. No. 1.38
Design Total pressure ratio 1.63

33.25 [kg/s]
16043 [rpm]

Design mass flow rate
Design rotational speed

Table 2 Modeling parameters for the blade structure

Material Titanium
Density 4500 [kg/m3]
Young modulus 107 [GPal
Poisson ratio 0.34 [-]
Boundary condition fixed at the hub
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Table 3.Number of cells and elements

(a) CFD Grid (b) FEM Grid
Pitch 40 Span 29
Span 44 Chord 24
Chord 80 Thickness 3

1 Blade 321,376 Elements 2,088
11 Blades 3,535,136 Nodes 11,030
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(c) 1st torsion (1T)

(d) 3rd flap (3F)
2412Hz
Fig. 7 Five lower structural modes, contour shows relative amplitude
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Fig. 10 Modal assurance criterion between multiple-structural-mode-coupled aeroelastic mode and
single-structural-mode aeroelastic mode (single mode traveling wave)
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Effect of Circumferential Casing Groove on
Flow Field and Stall Characteristics of Transonic Fan

*Yasunori SAKUMA, Toshinori WATANABE, Takehiro HIMENO (Univ. of Tokyo),
Dai KATO, Takeshi MUROOKA, Yukari SHUTO (IHI)

ABSTRACT
The effect of single circumferential casing groove on the stability enhancement of transonic axial fan IHI
FRTM has been examined through CFD analysis. A parametric study was conducted with respect to the axial
location of the groove. By focusing on the behavior of the leakage flow and the development of near-tip

blockage region, it was concluded that IHI FRTM may be led to tip initiating stall, and in those kinds of
transonic fans, the groove configuration which could reduce the reverse axial component of the tip leakage flow
was more likely to improve the stall margin significantly. The optimal groove location for IHI FRTM was in the

range between 20% and 40% axial chord widths downstream from the leading edge. This was basically due to
the reduction of local blade tip loading at the groove location.
Key words: Transonic Fan, Rotating Stall, Stall Inception, Casing Treatment

1. #&

Yoy by oEmtERglb K OBREEE A O m
IZBWT, 77 ROVEMOMERER RIE, #d T HEE
RRHNIEA TH D, LnLRNS 7 7 v - EMEEOMEE
M EiXZ < OBEERORLEREBO Y A7 LHLO F
— RA7OBMRICH Y, TEROFEIRDZE IR I
INZCEMPYT2T SA AN K B2 EE DK BT
DI Tn5

[EAEE D IERAEEZRELE DT A AL LTHELS M
SEOMENBDOOLNTELLOIr =7 b — |
AV IBRH D, ZHUTTEREERNEEI AR 5 E 0N T4
i 2 L1 K0 BEORESEFRIE ~DO T E R D
HOTHY, HTOMRIEEE T EHAIKH~—
DYERDFRIAD D Z & D3l ORFFE0 St~ 58 517
OIERENTWAW, Yoy b Pz Tid
WICNLET D 7 7 VITERREEIC X 2 AR EOLELD
%@%17%¢< Whbwasr ALy hTF 4 A =3

SN L TR MoV oGt e BT LT —v
Y7 NY— kA2 hOwERAIEE RO —o L 22
5%, LUK ORRGF 2 Z 47 U TIZ2n T
1L, FROGBEEEO 7 7 > R OERERIC BB L7
RREL TV, EEEAVIE R, A, 3

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

Ui e & OV OFEFABEE L Ic MR b D TH LT
ﬁ@% V2l 2 it &_owf%%%%$M%@Ef#§
jJﬂKT =T R —= R A RIRENLEE
mhu&iT%@% ﬁ@%ﬁﬁ%%éﬂémwm&f

T = RN HRIZ SIS o TR,

ZDOX DRI D, ARWFIETIEE TR —
7%U~b%yhﬁﬁm4VVyh?4XL~v§y%
BT HEZHY 7 o OWNIG RIE TR & gl Jodm
DA = xA_owfﬂﬁ%%é LAERHAAE LTI
TN A2 L Td, ZHhETIE, 1 AROFE ik
Ko TES WL O K~ — Y N5 5 2 & 23
LM/~ 72@, AR TIHIEORBENE SRS 22 S
WBRIC, BumRhth oEE &% I8N 2 21kic>
WA 21T - - R b4 5,

2. HIBRRTFiE

2.1 BIIETIL

RN %I 52128 E® 7 7 > THI FRTM & L7-, THI
FRTM (I#kA&4t THI 12T 7 7 VB O E B &
L7 B sl BRI it B 7o 0 234Gt - RES - HEr 08

HFi 7 7>V 7 (FRTM: Fan Rig Test Model) T& %,
BHE T T OEHEEIR 3 T4y e 2 B VEEh G &



FFO L 9 ICREFN S, MERIIERE 2> T D, THI
FRTM O EE/efkG3 e a2 R 1R, 7238, 4RO
2R TL, 77 o OfFENCH L TREERA Ly b
T4 A =3 YOS ERGF IS ET DR A ET S
ZEILRY, MAFBOE KT L Y DrNA
Mk BzE g T =y 7 ) — R A o ANE
a7z,

22 47—V R)—FAY MK

AR O Y G g — v 7 N — R A b
BRI E LT, WO nEREN E 2 A S TN T A
N w7 AT 4 % Ehi LT, T E4T - iSOt
MEOEOLHER 2IIRT, r—Y 7 R —h A
hE&JE L7z 10 38 DA (grooved wall 5:1F) &, &
= MY = R A REREL TV RS (smooth
wall 50 T2 EfiL, 7¥—3 27 FU—h A |k
DAL & SOl T s 2 i LT,

2.3 BIEMRFFE

A IR IRFEIEIC LD X ERIBEEE L7z 8 WoolEfEE
RANS iRz i e e U, #4305k L7z,
B RAETTIZ LU-SGS & 3 — 4 % AV /- Euler fafifiE 2 &
S TITYY, FEREPERR R & KPR AL = o Fh 3 &
MUSCL #fiff] SHUS R %—2A & il L0 3 L
7o BLIEET MZIE k-0 —FTRBERET LV E AW, 7 —
7 MY — AV MR LIS W TIREEL O
AR TICEAK TEEA L, ElRoa— RiZ Fujii ©
PR LT fifsim B AP 2N Lz b O %2 AW it &
Fhe U7z, AFHETFEIT NASA Rotor 37 Zxigd Lz
FREEFHARC £ 0 B NN O %8 2 BRI 2 5
CEMARETHDH L EMERL TN DO,

2.4 fEWEH

FHREIEGE, WMABERZ AR LY 12— MR iR
2, WIERZ %R LD 22— FRTICE o7, it
ANERITRRAE ERAAZEE LY —~ VAN ER&E
HMT LT RS R Sl &, DB IR AL O B R
P A ARE LT E I EE RS F - E iR L, i
ANERICCTHEET A RFEICHONTIE, 20X 57204
RTINS E 25 Z LICk» T, fibsd#RigimunA o
v b T4 A N—Va UBFIET D&M EHE L, D
BERORELENIEINNT 2 — 7 T H5%4E06D0 L9
LR &, TOREICRENEOND £ CTHEEZED D
T & ORI A A e, RIS B R 0% A
TRV IIRER LD 0.02% THi— L, DRSS b
BOEESZRHERE LTER LT,

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

Inlet

—Trailing Edge
—Leading Edge

Numerical Domain

< >
=~ L

Fig.1 Side view of IHI FRTM and the definition of
numerical domain

Table 1. Design specification of IHI FRTM

Number of rotor blades 20
Blade tip radius [mm] 161
Tip clearance [Yospan] 1.22
Rotation speed [rpm] 25,078
Relative Mach number at tip 1.49

Total pressure ratio

Table 2. Casing treatment configurations

Groove front Width w Aspect ratio

location [Yocx] [Yocx] AR
Config000 0.0 7.0 3.0
Config010 10.0 7.0 3.0
Config020 20.0 7.0 3.0
Config030 30.0 7.0 3.0
Config040 40.0 7.0 3.0
Config050 50.0 7.0 3.0
Config060 60.0 7.0 3.0
Config070 70.0 7.0 3.0
Config080 80.0 7.0 3.0
Config090 90.0 7.0 3.0

w
Groove front

; location d¢ AR= dhw
/ Blade \

T T T
100
S
g 50
<
=9
w2
oL P, ;= 101325 [Pa] i
1 1 1 1 1 1 1 1 1 1 1 1
0.9 0.95 1
P,/ P,

Fig.2 Span-wise distribution of inlet total pressure
applied as a boundary condition



Fig.3 Computational grid near the casing groove
(every two lines)
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(b) Operating point C

(a) Operating point A

Fig.6 Blockage distribution within the blade passage
(smooth wall)

(a) Operating point A (b) Operating point C

Fig.7 Mach number distribution at 96% span and the
leakage flow streamlines colored with Hy
(smooth wall)
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Fig.8 Chord-wise distribution of leakage flow
momentum density ¥ and flow angle 8 (smooth wall)
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Pressure coefficient Cp

AC,; = (Cp)PS - (Cp)ss
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Fig.9 Chord-wise distribution of pressure coefficient
at 99% blade height (smooth wall)
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Unsteady Aerodynamic Characteristics of Transonic Turbine Blades with Flow
Separation

*Yasunori KIMURA, Takanori SHIBATA, Susumu NAKANO,
Shuichi OZAKI (Mitsubishi Hitachi Power Systems, Ltd.),
Takanori HIRANO and Ichiro FUJIIMOTO (Takushoku University)

ABSTRACT

The effect on flutter characteristics of oscillating turbine blades which have separated flow on forward pressure side

has been studied. A linear cascade in which middle blade was oscillated in a controlled pitching mode at up to 250Hz

was used in this study. Unsteady aerodynamic forces were acquired by measuring the strain on the roots of blades with

strain gauges and calculated aerodynamic work by using the aerodynamic influence coefficient technique to analyze

the stability of the blades. Experimental conditions range from subsonic (0.8) to supersonic (1.1) outflow with attached

and separated flow. Comparison with the CFD results showed that the effect of separation was not predominant

because separation only affects pressure distribution of separated area, where pressure fluctuations is small.

Key words: Turbine, Flutter, Shock wave, Separation
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Table 1 Experimental Conditions

Inflow angle o [deg.] 30~63
Outflow Mach number M [-] 0.8~1.2
Frequency f [Hz] 0~250
Reynolds number [-] 9.0x10°
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Fig.10 Unsteady aerodynamic force in perpendicular direction to chord

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



L, FEESIEMETZE S 23— K 40%E Liz, <= v K
RFAAI L ST, FEEE TORFTZEAEFIMmD 2 >
DRI LT/ EW, #5900, FIBE T ik &
MR LR TH D, ZNSOFERTIE, ~ v 55
BB FEA35540 1L, BT CIl <7 5 (SR h B’ S
H) L 72 TIRE D728, RAERDZE T3S IEREMERN 5
TREDLEZD,

Separdted DowWnsires
4T Region Separated

Local Work[-]
(=}

-2
-4 Suctioi Side T
-6 1.1[46.5"
0 0.25 0.5 0.75 1
Chord[-]
Fig.11 Local work
1.2 |
1 M|a
0.8 71| 0.8]30°
2 06 l-eeee 177] 0.8[46.5
§ 04 boooooooeeeen M| 1.1{30
R — 1.1]46.5°
S 0=
-0.2 |
-0.4 |
-0.6

Separated Downstream Suction Side
Region(S.R.) ofSR.
Fig.12 Contribution of three region to overall work

4. ##8

RIGMIRTEICHEE AT T 2B H Y — I8N T,

Tt~ o ~NBEOBINLHBEO A L0, FEEH 2SR

PR ED X ICEET B 0EHLNCT B9, A

£ 30° 75 63° , Fith~ v 0.8 25 1.1 ORI TR

EILFIRER A Sk U 7o, FEER 2SR & 00 LIFER,

PR o R 1372,

1) 2=mE OB EAE T oW, mAAE
{bIZ X0 | EHARENGATE Ui oloZ &
P30, FIEED AT HIFER D A BRERNC RN D Z
EMM o T,

2) ZEIUEFEOWRAA DUAFIEIT/ NS <, FERPERRATRS
BLO—Eb BIFTH D20, FERMERH N B
Lo TIRED,

3) FOJRAE LT, RHEEHROFHETZEEFEINE L,
WENRENTHD Z LBRXT 5N,

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

Eirsa

AN, RO FAREHIC, JImENK, =
ZEANNY — VAT DAAFERSOIKFFRIL, FEPE
W, BB Ko HhEE W, Z 2R L THE
ERT D,

2 E X #

D) fEREE, Ihnfnsk 7o RS X B EAZE )
FHMEFBR-REEN A 2 — U RYIOSE, AAME
W25 CHE B fw,  Vol52, No.482(1986),
pp.3248-3434.

2) AEREETR, Ihpnd, SRR, gvATNE - EEE
Y — ¥ OREZEINEINC KT T~ v DL,
H AR 75 3CEE B #, Vol.55, No.512(1989),
pp-951-959

3) Eguchi, T. and Wiedermann, A.: Numerical Analysis of
Unstalled and Stalled Flutter Using a Navier-Stokes Code
with Deforming Meshes, Unsteady Aerodynamics &
Aeroelasticity of  Turbo
Science(1995), pp.237-254

4) Rice, T., Bell, D. and Singh, G.:: Identification of the
Stability Margin between Safe Operation and the Onset
of Blade Flutter, Proc. of GT ASME Turbo Expo 2007,
GT2007-27462(2007)

5) FERIERN, “FEPFEML, HOPOERE, CPAREH, A
B - B AR RS A U 2 R M EEE o £ 8hy
PRI RAET —HARBN OB, F AR 23 UE B
¥, Vol.69, No. 680(2003), pp.779-785.

6) 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.18(1980), pp.880-887.

7) Yamashita, Y., Namura, K., Shikano, Y. and Yamazaki,
Y.: Unstall Flutter Analysis for a Continuously Coupled
Blade Structure, Proceedings of the 9th International
Symposium on Unsteady Aerodynamics, Aeroacousitics
and Aeroelasticity of Turbomachines(2000), pp.780-790.

8) Hall, K. C. and Crawley, E. F.: Calculation of Unsteady
Flows in Turbomachinery Using the Linearized Euler
Equation, ATAA Journal, Vol.26, No.6(1989), pp.777-787

9) Hall, K. C. and Clark, W. S.: Linearized Euler Prediction
of Unsteady Aerodynamic Loads in Cascades, AIAA
Journal, Vol.31, No.3(1993), pp.540-550.

10) Jameson, A., Schmidt, W. and Turkel, E.: Numerical
Solution of the Euler Equations by Finite Volume
Methods Using Runge Kutta Time Stepping Scheme,
ATAA Paper 81-1259(1981), pp.1-14.

11) Jameson, A.: A Solution of the Euler Equations by a
Multigrid Method, Applied Math, and Computation,
Vol.13(1983), pp.327-355.

12)Bolcs, A. and Fransson, T. H.: Aeroelasticity in
Turbomachines:

Mechines, Elsevier

Comparison of Theoretical and
Experimental Cascade Results, Communication du
Laboratoire de thermique appliquee et de turbomachines,

EPF-Lausanne, Switzerland, No. 13(1986)



FREBARATRI—EVERTEHEER (BBAR) FERXE, 2014.10
(AR E] A-19
MZE#MARKESY —ECDEZEIZET 2HE

RAS R, L B (BGKStIHD, el - CEFRY)
Investigation of increasing of the LP Turbine Airfoil thickness for Aero Engine
*Yasuhiro OKAMURA, Masaaki HAMABE (IHI Corporation) and Ken-ichi Funazaki (Iwate Univ.)

ABSTRACT

This paper shows that an impact of the thickness of Low Pressure Turbine for aero engine on Turbine pressure

loss. Two airfoils which have different maximum airfoil thickness have been tested. The results show that

increasing of airfoil thickness cause increasing of velocity on both airfoil surfaces and total pressure loss. The
boundary layer thickness on suction surface at trailing edge of thicker airfoil is thicker than that of base airfoil,
while the boundary layer thickness of pressure surface at trailing edge of thicker airfoil is thinner than that of
base airfoil. It was found that increasing of airfoil thickness have an impact on flow field of suction surface more

than that of pressure surface.

Key words: LP turbine, Separation, Pressure surface, Suction surface, Mixing, Boundary layer

1. [FXL®»Ic

WA OBREHE m g &2 ), R v
IR LT SFC tE T ET £k b T
W5, BRIREY —Er (LPT) T P2k
D) 0NFEEDOEEL O T\ H - bikE b &
BT, EEEEBT DOk x T HABE
PITHOINTWD. T E T Solidity 2 HIlT 5 &
RANMIE (High Lift, HL) (2% B L, BAMOK
 SRBAMA L ENEICE W TRAET
HZENEEICH 2 D BEEHAE L &z DA —
J77C, LPT BEt Tk e bz £ 5729
WCRBEZEL TS50, BROELEH T
X LE 22D OBEENA K E < e IixBfanEL
LTENDD. Brear 593 LPT EEHEICAEL D
V< BEAZE PEREIC B 2 D 50 A BRI« Sl
FIZIRA L, EFEmoE< Bk b25 EED
EFNARERE L. £7- Gonzdlez H 9 139tk
OIEEmII<EEEED LPT EKERELZEL L
72 LPT (Hollow #, #iE=x NI+ 260
OREEN R N2 MESCIRE(LZX D Z LN T
X 5) & EMBEYRBREIC T 5 2 L T, 10°
I — & — D Re ¥ CIEEIE & BN S &7 LPT
DIF8 5% ~ 10% e EZE SRR AR TE 52 &
ZorL7-. —J5, Torre®51% 3 Bt LPT D[ElEEY
7R B A O TCRE SR o I I 1 < B A R 5
LPT & Hollow B D7 HPERe# g L, & ?b

Fﬁ@ﬂ@Cpéﬂﬁ# E—ET 27 51 XMERE
RELRWZ LARLEE. £, Re i&%cl:()“

Purge WAL DB [FIRFIZFHA < 41, Hollow E D

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

PERE AN EME T 2 R R DG D723,

SRS EE N
Db PR T I v EiERffTon Ty,
B Gonzalez & DAFEH & Hrp % .

AL TITEFRFORIESY — B ERES

B T, BREZE(LSEDLT L TEN

PERBIC G- 2 DB EREICER L THAE L.
2. FHEE

C :FEza—FE [mm]

Cx : fih=z— NE [mm]

fop o PRSI E L [HZ]

Vor : ABJEE [mis]

Po1 @ AO2E [Pa]

Po, @ HOA2JE [Pa]

P, @ HEm#hHE [Pa]

Psr @ HAFHE [Pa]

X o EhITA
s o EmiALSm

So  FEIEEmMES [mm]
Re : LA VX% [,
PR, F2a— FRR—X
St A ha—rurE [
(fop C) / Vo
Cp, : HEmEIRE[-]
(Po1- Ps) / (Pro2 - Pso2)
Y, @ BEERERE]

(Pto1=Pr02) / (Pro2 - Pso2)
t o EBHEEA[MmM]
5 BEBRE X [mm]



D EE)EE S [mm]
: Au—hE [mm]
PS : Pressure Surface
SS : Suction Surface
LE :Leading Edge
TE : Trailing Edge

EQD

3. EERF&E
3.1, EBREESLUHAFE

AL TIEA FRFPORE TS — B B
AR 2 W C32hE L7z, FBh IR & JE4E
KDO7 v T HRGAL, BFREZEiE L, 78
DOEMIY|~TEA S 5. FEE I Z2 9
LEA0E, BRI 5 O wake Z T S 726
|2 Wake generator (ZHL Y £-51F HAL72 B AL 3mm D
MiEZEER S 5. W, EFEFHHEZERT 25
AITIEMAEFIR D AL TEL.

B 1 2RI E AR, BAIHLED
v KA ARG A FER & LT, 30%Cx Ltz T
ABENZFHIIL, i#hJrmic 115%Cx  Miis

TEyFHEICHAENZ b T =5 5.

BRI D T FEELAVIT 30%Cx i o> #1 s T EHA
LTHED 0.8%~1.0%THD. HEFHTEIZOWNT
X, Lo 1 EMIZT 2 foFEZ AW CIELH
BLOAREmEZNENGT 5. BEREF
IZHOWNWTIE, T RE Y o — 7 % VW, AEH
fll% LE XV 60%Cx 7> 5 98%Cx £ T#t 8 44, 1E
JETERNIE 97%Cx (2 TS 5. Eih & O/

Bt 0.2mm £ TEHHT 5.

point of measurement

Space Plate

No.b /‘
B 1 227y Et e

3.2. EHE

X 2 [ZAHFZE CHW R 2R, ZhET
DOIFZE VN THWTE - HEUER L 2 5 HL &I
*F LT, e REEMA2 EEmANci 28 /s L
H D% HL_thick 3 &9 5. EJEEIE < B2
ZRET D OICRAERBORRIZER LT
[AYAJAN

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

3.3 HEREH

AT B AR LoEsk el LM
B % St=0.8 LT 5 EFRIEICC, ZnE
FURe = 4x10%, 1x10° DA CRHAIT 5. Re ¥
— A TRz Y v (N~ KA O i 22
SIS T D, AT Y NO B
WEEE IR L Z 1.0~20 BEDTZDROR/NE
Wb O OFREREE OREYE T I HE AT RE 2 #PH T
([ R

—HL
~-~HL_thick

B2 FREREIAR G

EREER

1. Z=AHFBIKER

B 3 ICEHIRRETOREE Cp /3 iZ~d. HL
3 & bl UC HL_thick 32 ZEEmfll, A
EBITENEMLTWD, ZAUXIEE Mo
JE &N S 7= Z & C Blockage 28 K& < 721,
WABNINE Lzl B2 N5, EEmICE
WX, Re HOEEZZ T TIZIER UEERT
ZEWbnD. —HAFEmIZBWTIE, HL_thick
EHOKNAERE— 7 H) D OBIEHNEL 72
FHNCEBRT 2T 6N TWA. FFIZ Re
= 4x10* DA, HL 3 TlE xICx=70% U7 5 1%
SEELTZMNNHAMETHZ EDRVN—Z K
RAE7Z, HL_thick ECTIZRIICER AT 52
ETTEfHETO Cp A LTnD. X3 T
WIEEFIRBEDOSG G &~ T, ki wake DOJEALIA
P Z 0L < BEA I S VR OFELFAE D B S
5. FTEEIRRE &[RRI HL_thick 30 523
E—NEL o TWDZ ENbnd. 4, 5
(B EIRSAR B (Yp) &2 7R T, Re =4x10° D&E
FARBED A 1E HL_thick 3D 53 v — 7 73/
SVWRIEEFRETIIE— 2V ERKREL 2D,
T EHERIC LY N— R MIREETRL Ao
Tel2 & B 2 B Cp oA O & AT T D,
—Ji, Re=1x10° D54, EH - IFEEHFIRIEIC X
5% HL_thick BO LA E—Z7 AKXV, Zh
< BHIIEMNET 2 b o0, AL ORE
MREL R EBEZOTLITE BN L FEL
722 &, & 51T Blockage BN X v FEE AN
L7 Z & CHRABEERAENHEMLIZZ LITk
HiEZBND. X612 Yp O pitch J7 A&

4.
4.



AT, MLARR OB RMAEIT ST HL #o
Re = 1x10° /2 EHRIE COME A AWV TRt
b&4T> T\ 5. EFIREETIT Re = 4x10° Tl
#9 2% HL_thick 3O H BB RIT/NE VA, Re =
1x10° TIEH 6% HL_thick DTN KEL 72 %.
— IR HEIRIEDH A, Re = 4x10* TiE HL_thick
BOBERENKEL 2> TWAHN, Re=1x10° Tl
FIERICMEE 25, I 5 OIEEmERANCE
T HL_thick # o it 2 AR ED L~ A FAD
BERolclodbELHEN/NS SRl 2 &
WZkarEEZOLND.

Re 1.0E+05

=~ HL, 5t=0.0
~+-HL_thick, 5t=0.0
rrrrr HL, 5t=0.8
rrrrr HL_thick, St=0.8

Pitch

1.8
16 Yp
1.4
12 5 Yp 43kt (Re=1x10° , St=0.0,0.8)
1.0
g og & £4 :t::hi'z:fnewk =L 5800
- HL_Re100k 2.0 —e—HL_thick_5t00
0.6 -+ -HL_thick_Re100k 19 - 5 - wim-HL StO8
04 18 - \‘*\\\. — < =HL_thick_stog
0.2 « 17 -4
A oot c
0.0 - = . .g 16
0 0.2 0.4 0.6 0.8 1 EE 15 |
x/Cx @
’ 814
18 & 13 4
1.6 E 12 +
1.4 % 11 +
E
5 £ 10 -
Z 09 - -
&1-0 “=HL_Red0k 0 20,000 40,000 60,000 80,000 100,000 120,000
0.8 & —+-HL_thick_Re40k Re
- HL_Re100k
0.6 - -HL_thick_Re100k
04 6 MEYRIT pitch J7 i & 1) Yp bhig
N et : (St=0.0, 0.8)
o0 0 0.2 0.4 0.6 0.8 1 4 2 iﬁﬁ%ﬁ*ﬁ
x/Cx 7 \CAIEmEERE A, 8 | IEEH B
3 Re=4x10% 1x10° |Z351F % Cp /b, SR oA A R 9. BRI & X A TE m il ©
St=0.0 (%), 0.8 (F#K) X/Cx=98%, IEEMmHIT x/Cx=97%T& 5. EJEM

Y EEFEOBRE A L 5e, B - IR
FARRER DT REm OBL R E AN Z L2

Re 4.0E+04

o e se0 5. EHRARIETOAIER OBERE i THE Re =
----- HL, 5t=0.8 4x10M 2BV T HL B TRE) 54 Imm (2 & £ T
i HE—E O D Y, FHENTHET D 2L

ZRLTW5D, —J7 HL_thick #1303 < BER AN
& LEZBOS R LTS, M, FEEFIR
RECIT HL 32, HL thick 3 & H 1< BfEIX R 5
720, Re = 1x10° DA ILES « FEEHFIREVF
MTHIFBEER 5407, HL_thick D725
BRI X0 ELIREE R E AN L 0 3 L2
ond. EFIRETO Re = 4x10* TIZIEE®E D

Pitch

v BERE DA ZEIT R SN2 Re = 1x10° Tl
HL thick DGR EWZ b nd. £79EE
4 Yp /At (Re = 4x10% St=0.0, 0.8) FORHE TIZ T HL B S5 BEF L% T

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



HENHIMNT 2 HDODNE En Y B K E 722k~
ZaRLTWS. K9IWICAFERmD, 10 ICEER
O RBEHAGERZ S LICEB LZHERE SR
FOEFHEE S ZRT. AEEOEA, Re =
4x10* DT FERNN—Z R LTWA HL BOEH
HRAE % BV T HL_thick ZE O B3 HEBRIE X, HE)
BEINELEBIZEY. —FTEREROSGSA,
HL_thick 3 7573, Re = 4x10* TlZb /72033
<, Re = 1x10° TiX & bic#V. EEm T,
HL_thick 3 DOGAEIRIENEL o7 2 & CTHEH
@ Blockage 73K & < 72V yiEiuAy HL 38 X 0 Ik
SNDHD, X8 DA TRIND L D IZ HL_thick
ROFPYERES B L OHEBEE I /L 2 5.
X HL RO EEEICHAET 513 < BN
HL_thick Z T3l Sz &E X 6N 5.
4.3. BREE

B 6 128\ C, FEEHFRAE T B wake
DIFTTaARGEENTND. HPICES
PERE 2 BEAM 9 5 72 O (B8 FUE R A % F O CREA
+%. Denton®33FN0 5 AT HEELZ L TD
X OITIRE L.

C,.t 20 (8 +1t\°
=it ()

Z 2T, Cpyld Base pressure coefficient T ¥,
—HRMMELE LC-013 ZREL TV 5.
RS R 2 Tl R ZF R LR EX 11, 12
WRT. HERRE S B X ONER&EE S 2 EE B
FOEEmOfE L TEE L5 E((PS+SS), 1E
JETH OB [E L 725545 (PS), 72 5 ONZ AT D
BRELIZGASS) DR R A RT. EEHRDAF K
CAJEHOHRDOGAEY, BEThEThoEEL
MR~ 5 72 (C Base pressure (2RS4 5% 1 1HA
HiEE LTHRENBITT L. FEIEDTE
JED B PR U TR R DB %2 E 2
TW5. HiRE S B L OESERE S % FEJ LB
FOBEmOfE LTEE LSS, Re #1 - St
Bz X 59 HL_thick oM K& 5. IE
JEf B L ORERZ ZNENT T TEZLTSLE,
B O IIT HL_thick DO A/ ENH 0D
ZTOETOLTNTHY, AEEMOELZEN
XEHTHDZ Enbnsd. K131 hT/8—2R
R BB L 7e R ERRRE & () bR
L7c BRI A e 5. AL L < BEL T
% Re = 4x10* TO#HKIZHOWTIT HL 3 &
HL_thick 3O R/NBEGEAWHEZ L TV D, T
LS BEZ LD IRIC O W TRE LY ET L
fETETBLT, FRZ CpDiEZE —EMEL T D
FHeEEZLND. 2P L, TEICTR—A %
PEDRVEHFTIE Re BN HINT 522 L THLE

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

& HL_thick OO ZED /NS < 7o DAL
AHNTVND.

5. #Em

WiZeds IRIE % — By ORE N7 HEReIc 5
2 5 5B R O E AR RS EE &2 VI L
7o, WREIEHMAK 2.8 f5/E < L7z HL_thick 3
TiE, #M Blockage 2T 5 Z Lick &
JEmds L OEEmOABINE S D, Z Dk
B A HE TIIEEES R E VA S HL 3 L
b RN ER URLIESEIR AN A 5 2 & TRAET
DI 5. — 5 CRIEEmE O5ERE Yk
RS, EEHEE ST & BT HL thick o 5 A
BN BT, ZHUE HL B O IEEEIZ 5
ETHIE<BERMHI SN0 EEZX NS, G
P ENHEFREPRE S B L OETIEE I 1D
Denton (k50 ZEF L& HWTHAEZFH L
7o BAEmE OBKRN AN TH 0 BIEEIIC X
B EEEAM O < BERHIIC L 5 Z2 1 HERE~ D
XN ENWEEZLND. ARBRTIX, EEM
TOWEL B IHIT 27— DICRE 2N S w7
WAJEH~DOFBENRKENFEREoT2. A1
FREEICEEL G2 T EERICTE 213 <A
ZIHIT 2 HEEBRF LTS FETHS.

2 &EF XM

1) K. FUNAZAKI, K. YAMADA, Y. CHIBA and N.
TANAKA : Numerical and Experimental Studies on
Separated Boundary Layers over Ultra-High Lift
Low-Pressure Turbine Cascade Airfoils with Variable
Solidity : Effects of Free-stream Turbulence, ASME
GT2008 - 50718

2) K. FUNAZAKI, T. SHIBA and H. TANIMITSU :
Effect of Blade Loading Distribution on Aerodynamic
Performance of Ultra-High Lift LP Turbine Airfoils
under the Influence of Wake Passing and Freestream
Turbulence, ASME GT2010 — 22134

3) M. J. Brear, H. P. Hodson and N. W. Harvey : Pressure
Surface Separations in Low Pressure Turbines : Part 1
of 2 — Midspan behavior, ASME GT2001-0437

4) P. Gonzalez, I. Ulizar, R. Vazquez and H. P. Hodson,
Pressure and Suction Surfaces Redesign for High Lift
Low Pressure Turbines, ASME GT2001 —0439

5) D. Torre, R. Vazquez, L. Armafianzas, F. Partida, G..
G.. Valdecasas, The Effect of Airfoil Thickness on The
Efficiency of LP Turbines, ASME GT2012 - 6855

6) J. D. Denton : Loss Mechanisms in Turbomachines,
ASME GT1993-0435



©
©

w

8

B L —dr— HL_St00
_8 _ ~@— HL_thick_St00
E , _HL,_th":k E . V—HL_Vthick E, 250 -0 HL_5t08
3 3 'E' =3 = HL_thick_5t08
56 £6 £ 200
o @ 2
5 L £
g . g Z 150
<4 g
E £
£3 231 8 100
5
o 2 2 4
b 2 8 050
[=] a
1 14
0 | || 0 1 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0.00.2 0.4 0.6 0.8 1.0 0 20,000 40,000 60,000 80,000 100,000 120,000
V/Vmax V/Vmax Re
. o 1.00 —dr— HL_5t00
—HL | —@— HL_thick_St00
B E° " 020 o HL_St08
E. L thick E  L_thick a e
5 3 = 0.80 =¥ = HL_thick_5t08
- -
Bs Es g 0.70
2 3 s
T4 <4 E 0.60
E E £
23 £3 ]
o @ £ 0.50
E2 52 s
3, 8, 0.40
0 i 0.30
0.00.2 0.4 0608 1.0 0002 0.4 06 0.8 1.0 0 20,000 40,000 60,000 80,000 100,000 120,000
V/Vmax V/Vmax Re
> = 4 - Y - F RVA > N3
X 7 AJEEBESRE TN (Re =4x10" (££), Re= 9 AEMmICHITHIRES (LE8) L ONE
5 — 7] 7] =R 7] 0
1x10° (£5), St=0.0(#5), 0.8(F#5)) BERES (FH) ks
: 5 0.50 —ir— HL_St00
. —HL s | —H 045 | —&— HL_thick_5t00
T —Hi_thick T —HL_thick D040 - - - HL_St08
~§'7 1 ETT T T 77 2 035 =3 = HL_thick_St08
2o
Xe g 6
5 -4 % 030
= P o
__'.; 5 55 <0325
£ 3 1=
Fa :f 4 2020 - &
ga £ 8o1s
s % 2 0.10
52 g 2 a ™
2 -] 0.05
4 ! 81 )
/ 1 L/ 0.00
0 — 0 +——F—+- 0 20,000 40,000 60,000 80,000 100,000 120,000
0.0 0.2 0.4 0.6 0.8 1.0 0.00.20.406 0810 Re
V/Vmax V/Vmax
0.20 —dr— HL_5t00
s 5 0.18 == HL_thick_St00
— — — 0.6 =+ HL_5t08
= = - S ;
E —HL_thick E —HL_thick -50.14 M = HL_thick_5t08
=7 i £7 ]
5° 5° £ 010
5 s £
8 2 E 0.08
T 4 T 4 o
- t § 0.06
£ 23 = 004
o @ '
82 52 0.02
- 8, ’) 0.00
o o 0 20,000 40,000 60,000 80,000 100,000 120,000
0.0 0.2 0.4 0.6 0.8 1.0 0002 04 06 08 1.0 Re
v/vmax v/vmax 10 EEFICBT 2HRES (E#) BEIO
\\ - 4 - R==t-c =N 37| ks
8 [FEEmEENESA (Re=4x10" (/), Re= HEIREE S (MHE) ik

1x10° (), St=0.0(_E:#5), 0.8(TFHE))

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



Denton's loss : Re=40k, Steady

24 - —a—HL Pt
22 3rd_8D#H 25 =
' =3rd 24 —e—HL_thick_Pt
2.0 = 23 .
£ 18 = 2nd €57 ]  --=-HL_BL
g 5 o
£ 16 st 221 4 B -~ ~HL_thick _BL
E &
g 14 | [T 20 S -
é 1-2 § =
- I w 1.8
310 g 1.7
5 08 g 16
Eos | s Lo
= 04 £ i
. Zo 13
0.2 1.2
00 Il . 11
HL_thick HL  HL_thick HL  HL_thick 1.0
(P5+SS) (Ps+ss)  (Ps) (Ps) (ss) (ss) 20,000 40,000 60,000 80,000 100,000 120,000
Re
Denton's loss : Re=40k, St=0.8
24
22 3rd_SDH HL Pt
20 4 - 25 7 —o—HIL_thick_Pt
218 m2nd 24 = ==
€16 mist g23 -~~-HL_BL
£ |
£ 14 |32 T ~ < ~HL_thick_BL
2
g 1.2 3 20 i B
3 10 : 1.9 — - - :
& os g18 9
H 217 - :
g 0.6 Tis o
Z 04 ﬁ 15 1 b e :
02 - E 14 — = ;
00 | o = §13 T :
Hi_thick HL  Hi_thick HL  HL_thick 12 -
(PS+SS} (pstss)  (ps)  (ps)  (ss)  (ss) } é
%] 11 Denton = X:E‘?‘}l/ttﬁﬁz (Re = 4X104, St= 20,000 40,000 60,000 80,000 100,000 120,000
Re
.
0.0 ((L#B), 0.8 (T#B))
Denton's loss : Re=100k, Steady . 13 Yp k Denton = X:E" V@H:i)l, St = 00
24
2z A 3rd_5M& (LE#B), 0.8 (FHED)
20 ™ 3rd
18 m 2nd
16 - W st

1.4

12 -
10 -
08 -
06 -
02 -
oo 1 N .

HL_thick HL  HL_thick HL  HL_thick
(PS-I-SS) (PS+55) (PS) (PS) (SS) (S5)

Normalized Loss coefficient

Denton's loss : Re=100k, 5t=0.8

24
22 3rd_8M#H
20 W 3rd
18 ® 2nd
W 1st

1.6

14 -

12 -

10 -

08 -

06

04 -

02 -

00 HE ==

HL_thick ~ HL  HL_thick HL  HL_thick
(PS+SS) (PS+sS) (Ps) (Ps) (SS) (SS)

[¥ 12 Denton = ZE5 LIk (Re=1x10° St=
0.0 ((=#6), 0.8 (F#B))

Normalized Loss coefficient

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



FREBHAXAATRE—EVERTEHHEERS (BR)

[(BFZRERE]

R EE

AR 1Bt (J AXA),

HEiER &, 2014.10

A-20

IA—oa3 DFEIaAL— 3y

Ak GREER)

Numerical Simulation of Liquid Droplet Impingement Erosion
*Masaya SUZUKI (JAXA) and Makoto YAMAMOTO (Tokyo Univ. of Science)

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

analysis of wall damage is a critical issue for the safety and to increase the operation rate of power plants. One

of the main causes of wall damage of power generation facilities is the liquid droplet impingement (LDI) erosion.

In this study, we develop a numerical procedure to predict the LDI erosion damage and performance

deterioration. The simulation is carried out for a compressor cascade using the newly developed solver. The

results show that erosion depth agree with experimental data and droplet motion is quantitatively valid tendency.

Key words: Compressor, Erosion, Gas-Liquid Two-Phase Flow, Computational Fluid Dynamics
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Quantitative Visualization of Flow Field through Supersonic Turbine Cascade by

Dual-layer PSP/TSP
*Hideo MORI, Naoto OMURA, Kyohei MAEDA, Takayuki OHBUCHI(Kyushu Univ.),
Susumu NAKANO, Hideki ONO and Yuta YANASE(Mitsubishi Hitachi Power Systems, Ltd.)

ABSTRACT
We apply dual-layer PSP/TSP to analysis of pressure distribution and visualization of shockwave structures on

a sidewall in a supersonic flow passing through a high-reaction-type supersonic turbine cascade. Accuracy of

the pressure measurement of the sidewall with non-uniform temperature distribution by the dual-layer PSP/TSP

is examined by comparing the pressure data obtained by the dual-layer PSP/TSP with those measured by

pressure taps, showing small error in the pressure distribution on the sidewall measured by the dual-layer

PSP/TSP. In addition, the shockwave structures near the sidewall are visualized by the pressure distribution on

the sidewall obtained by the PSP. By comparison with the schlieren photograph, it is clarified that there is

slight difference in shock angles and thickness between them, because the PSP visualizes the shockwave

structure close to the sidewall while the schlieren photograph visualizes the shock structure in the mainstream.

Key words: Steam Turbine, Measurement, Pressure Sensitive Paint, Shockwave
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Study on Blade Vibration of Radial Compressor
—Experimental Evaluation of Crack Detection by NSMS—
* Naoto SHIMOHARA(IHI), Shota MURAE(IHI) and Hiroaki HATTORI(IHI)

ABSTRACT
Experimental studies were performed to investigate the potentiality of Non-Intrusive stress measurement
system (NSMS) for crack detection in radial compressors. Changing trends of vibration response characteristics
such as resonant frequency and displacement with the crack growth were evaluated from the data obtained by
NSMS and compared with the results of a forced response analysis(FRA) by using FE model simulations of
various crack conditions. Changing trends of vibration response characteristics measured by NSMS were found

to conform nearly to the results of FRA, especially in the case of simulation for incipient crack condition and
defect condition. It was demonstrated that NSMS has a potentiality of crack detection in radial compressors.
Back-to-back evaluation was performed for the measured data of vibratory displacement (NSMS) and strain

(SG) for the same blade. Differences between the stresses converted from each measurement data (NSMS and

SG) was below 12% and was considered to be acceptable level for the practical use.

Key words: Compressor, NSMS, Crack detection, Health monitoring
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< Tune model >

®  Freq.qy =0.72(Res.1) & 0.74(Res.22 8722 2 D
DIRBYSE Y — 27 DFET D, Erswn—

®  Amp.e DK/NEAMRIT Res.1<Res.2 & 72 %, ** | —efectmodel

< Incipient crack model (Fig.3(a))>
® Res.1&2 ® Freq.ry 2% Tune model 72 & 0.1%F%

KTF4 5,
® Res.1&2 @ Amp.ee 7Y Tune model & ki L C,
147~15515L 725,

< Crack model (Fig.3(b))>
® Res.1&2 ® Freq.ry 7% Incipient crack model 7> &

0.7~ 1%FREEHINT %, (c).Defect model
® Res.2 D Amp.ge D7~ Incipient crack model &tk Fig.3 Results of forced response analysis
NT043f5L 725,
®  Amp.e DK/NEIFRIT Res.1>Res.2 L 72 %, 3. EHEERAER
® Freq.ry =0.64~0.71 OFEIL CH 7= 72 RENILE FHEIEEN NI TIX, NSMS ZHlll & 7547 — P FHH)
v —7 (Res.3) 3 HELT %, (Strain gage, LAKE, SG) & O[RIREFHA % St L 7=
(Fig.4), NSMS I, j‘n%‘lz /#%HL 6 A
< Defect model (Fig.3(c)) > BliE L, Modal fifr 225512, Hi%E— FOES
® Res.1 ® Freq.;y 7 Crack model & FE~<T 0.1% BN FTHDHZ L, Full blade L Splitter
R TT %, blade Dli i #E=4% YV I NA[ETHDHZ LD 2
® Res.1~3 ® Amp.ge 2% Crack model & bb~_C, 42 2% #[E LT, Splitter blade ® Leading edge
{KEIIZ 0.6~1.0f5 L 72 5, tip(Full blade /% Mid chord tip ({Z484) & il 571

i & Lz, & 512, Full blade 3 X O Splitter
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blade (2% NSMS FHUMOFHANEE 2 & w2
TewllEhth 2 T >EF—I &0 L,
Telemetry system (2 L W REEZFHIT 52 & &
L 7o, BRI O IEHR IS 2.2 TH C&®E L2 HRIGE v
—7 (Max. stress response, Res.1,Res.2) % &ie
[a] i3 2 &6 PH 2 — & O Il - JE % T Sweep
Up/Down HA 7 )L %40 314,

Fig.4 Measurement set up

31 REV—A
BIRBEHTP O HBESLHEGO XA I T &

LEST S &, WEHAMEO 21X 0.1% TH Y, SG
& NSMS FHEITH 5L D B A & HRENVE L O FHA
il % fe KIS ST AENLE DG ) ~HH L T L35
ORI O b AR O 713K -4%~ 12% i
ETHoT,
3.2 =ZBIUHEEKR

= SRR ENRGEERRBR 1T Rpm.exe =1.0 13T Tl &
JE b7 & OWARMERE I N2 B LN B U T2 1A%,
W & D 1.5~2 (FORHRENE, NSMS FHIJIC X
HERENT =X Y U 7E TS PR FE O L)
B SN =B Tl AZ 1R LTz, MRAS R O R
&, Full bladel # (SG B:ifF3 Tix72vy) (TR
NELTWDZ L 2R LTz, WEBRFRE% & &
A2 L ERTOBREFOEEEL vs NSMS =41
YD L RE Fig.6 (ot 7ok, BEiEE+
=%V v JEIESE P —(chl~6) TRl S iz /]
TOA Th 5, fthhiL, HEIRBAIRERZIZFH S 7=
ATOA F KMl TR LI L(AJTOAExp), FilihIT
Monitoring Response D [al#EEL EE T & 5 Rpm.exp
=0.7~0.86 %77,

chl ch2
HIET HaHlixt5: (LA, Monitoring Response) ] T8 'y
AR - BUET D T2 OICHFHEIRATICIRBI — 2. .'||'_‘\,
A& FE R LTz, b—_A THLNTZF ¥ U S a0 s o N,
AN ) . . E X
(NSMS ZHHI) % Fig.5 1273, RICEWTA Nae |/
TN ORE SIFIRBVENL 2~ L, B3 Fig.2 12 08 i
ATHREEDT— K& 9EO O BRI CHAITT 1
[+ A1) oz 0.74 076 0.78 0.80 0.82 084 0.86
L Rpm.exp & L7z, RpM.EXP
S, e (a). Just after starting sweep cycle
17 — —
| chl ch2 |
- 10E0 R ‘ ch3 chd Rangel
- e MDL:S‘;:S;\ %O o . e Range2 ,", | i
o: S {:3) i gu m=--~-=-ﬂ:--~;»—.:-'=Ie:-.--a--—-.-__m-':”j‘-"’i - .
T - = . |4 ]
et \é})’ - O Naa U : /
7\ 620 08 5 |//
i ..‘Momtorlng v
Response -12
o7 07z 074 o7e 07 [1§:11] [1%:7 084 086
o - Rpm.Exp
o o o Romexe o e " (b).Just before stopping sweep cycle

Fig.5 Campbell diagram (Vibration survey)

FFIZ VD bIRIREICAEYS 4% 9EO =T, JLflk%
NI AT OEFNHERTE 5, £72, 9EO L
P RpM.exp—0.82, 0.85 D 2 S DIEBSAIE 2.2 HD
Res.1,Res.2 (TR L, 3O ZZFEAENHBREGICE
ZimfE CHE BB EA RIS Z 0
5, b OEE)GE % Monitoring Response & L
T®ELE, £72, ZHH 2 2O Monitoring
Response (Z-2OVNT, SG FHAITH & AL 7o R AR L
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Fig.6 RPM vs./[TOA trend

W AT 5 &, ATOAEBENKREL 25
Rpm.exp 1ik(Rangel) 7S il BR BHARTE 14 |2 e~ C i [l
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FHEMBEIREFHAIC BV T, ATOA ZE8) 4L
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HZENMBNTWS, 2%V, LD JTOAZ
BN ESCIRIE DO LI T A D IREVRFE D 2 b %
BT 5, FERRIC, b oFHT —% & K
ST LU CTE L% ¥ UL (Fig.7) &2 /LD &,
ARERBAAAE % TlX, ATOA EHEN KX
RpM.exp=0.82, 0.84 {137 C 9EO hiZLfR & "d 3
TNMERPERCTE D, £, EIAELERT
H ATOA EE K Z WMz & A U Rpm.exp TN
JVAERRHET 5, ATOA b L K TIEERE K
SR TS DIV D REONIAE 72 & OIRENVREIEE A
85 Z EILTE 20D, 500 R %2R ORHE)
R DRRAT 2 g~ TEA e Ch 5 2
ENHERTE D, Bl L7z M.Zielinski®,
M.Mercadal® & 72 E OBFFEICBNTHE=F U
TRGA—=HD—>L L TATOA b L REEA
Lzt O®mENREINTND,

15 ¢
14E0

12 //_/, 12E0

P . 8EO

Freq.cxe

06 [

4EO
03

0 . . . . . . .
070 072 074 016 078 080 082 084 086
Rpm.exp

(a). Just after starting sweep cycle

140
12 |
/// 12E0

9EO
=2 8EO

[ —— -
03

0 ‘ . . . . ‘ ‘
070 072 074 076 078 080 082 084 086
Rpm.exp

(b).Just before stopping sweep cycle
Fig.7 Campbell diagram (Sweep cycle test)
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T B RARENZE AT, Al FE AT S & b4 5 7=
¥, 3.1 TELL 7= Tune model FE fEHTHS 80D f5 Rt
BEREO P CIR ST L CEILEIL AMp.exp,

Freq.on & L7z, REMFEOZILIZILLI T D LB D T

5,
15
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— — —Measurement datal Response
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(a).Timingl (Normal condition=Incipient crack)
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(c). Timing3 (Blade failed)
Fig.8 Frequency response (Sweep cycle test)

< IE% kA& (Normal condition) >

® Freq.n =0.74, 0.76 T2 DOIAERIRE)SEE
— 7 (Res.4&Res B) Z R T 5,

®  Amp.exp D R/IEIFRIT Res.4<Res5 Th 5,



< Normal condition~Measurement datal »Z5{k. >
® Res.4&5 @ Freq.py 73 0.1~0.3%{X T4 %,
([ ] 0] Amp.Exp A 11~18 1%{5%7311750

< Measurement datal~2 D281k >

® Res.4&5 D Freq.oy 23 0.1% LK T4 %,

® Res5 D Amp.exp 25 0.75 {51272 5, M Amp.exp
D R/NBAFRAZE L (Res.4=Res.5),

< Measurement data2~3 D2k >

® Res.4&5 @ Freq.oy 2% 0.8~1.9%FLE F&H-5 5,

® Res.4&5 D Amp.exe 28 0.2~0.6 5 & 725,

® Freq.=0.72 fHEICH 7= RIRBNSE E— 27 0
HBL7 % (Res.6),

Normal condition 7>% Measurement datal D281k
(Res.4,5)i%, Incipient crack model(Res.1,2) TH. &4
LA ENRZE L~ TH Y, Measurement datal
T ERRETH L EHEESND, BT,
Measurement data2 7> % 3 ~DZEAL DR (LR %
B ERENSE O KR/NBEREAL, Fric e EISE v
— 7 O HBl=Res.6) L EERAVIZT BTz 2 W
% FE fiffir & g9~ 2% &, Defect model & —39 %
ZEWboTs, DI EH D Measurement data3
ITHRERETH S LHEETX D,

PLED X 1T, 3O EMEHEI OV T EEBRIC S
O AT IRENV R 22 L O ) 1 FE fEAT C Pl S duvz
i\ & Buv—8Z /R L, NSMS FHIIC L - CTHRE)
FEOBLEE=4—F52 LT, HROZLFREE
NOBEICELMBENHTERRETCH D Z L, B
Feffr D3 D = Z e B U CFe 0 7 rlREME &
HoTND I ERERTE T,

4. F&O

e BIREN FH B AT 00 & SR 08 )~ D AT HE
P& FEBRIITHGES 5~ <, R CHEIR
DB D DT E R e L TESFS =Vl E O
[EIREEHINC & 2 & SR aiRaEaBR & 520 L 7=,
MREERERIZHT= 0, EFIRED D T RFAE,
B, 5 FE TCOXKBRAEEE L FE#TET L%
AN TR B S BT 2 FEhE L, SREWVRRIE (2 JE
WHCCIRBNINE L~V ) DB WA 7 2 F8 A L7z,
X512, NSMS FHHlC X DR - — 1 fE R &
L, 9EO Lo 2 SOIEBNE s E=2Y) L/
RGE LTTIE LTZ, 2o icxd 2 HEMI,
RG> & 25 M U 7= Fe KIS T 38BN Z H6 1T DI T
fE % SG FHHFE R & i 32 &, B DD 0.1%,
oI MEDZENFI-4~12% & 72> T=,
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Evaluation of long-term degradation of 1,300°C-class gas turbine blades
for power generation

Akihiro ITO (Chubu Electric Power Co., Inc.)

ABSTRACT

It is important to examine how long-term operation affects mechanical properties of blade materials to
maintain the integrity of gas turbines. The present blades in the 1,300°C-class gas turbines for power generation
are consisted of thin structures made from Ni-based superalloys. Therefore, it could be difficult to evaluate
mechanical properties using standard testing methods by normal sized specimens. To evaluate the degree of
long-term degradation of the serviced blades, miniature sized specimens were prepared for destructive
inspections. The results showed that degradation due to the long-term operation of the investigated blades was
insignificant and thus a possibility of continued operation was confirmed.
Key words: Gas turbine, Blade, Degradation, Destructive inspection, Mechanical property, Miniature testing

1. FCHIC 22 EEAE

HAZ—E amimihen (i, §E, RBEIRTS)
IEEHBREE S L <, ERHMILBA L &S
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W KA 22 C U, B & O BRI B &
OEERE T B (SEM) (2 X 2 S 7 o
MBI 2TV, MBI ES Mo 2 2 v
BEREEZIT- T,

TR BRTIX, PATER 3.2mmW X & F 40mmt X
JE X 1.5mmt OHBCRERER T KX OVFig.L ISR 3T
oo ImmX 2R 24mmt 3B %, 5 A58
HEE (BEE) FrCEgRIL, 7 U — 7k,
A 7 VTR 21T > 7,

7 ) —7HEWERBR X, JIS Z 2271 35 L O/
YN ) —TRBRIEENE 92 L, KR,
980°Cx180MPa THfi L 7=,

&Y 7 VGBI, JIS Z 2279 25 [R L,
850°C, K&, ONT A& iilfl (GL=2mm), =k,
HEIEE R=—1, 3B 0.1%/s Taklk 4 FEhi L 7=,

Table 1 Chemical composition of the blade. (wt.%)
Ni Cr | Co | Ta w Al Ti Mo C
0.08

Bal. [ 13.3|10.0| 48 | 46 | 40 | 24 | 17

Fig.1 Specimen shape of low-cycle fatigue tests (mm)
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4) [AM, Aks, R F2AZ2—C o Ha—F 470

AR 2 W2 IR BEHE E 1R O BRSE,

W R
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(a) Mid position

at

Fig.2 Optical micrographs on cross section of TBC
50% height of the airfoil near leading edge

(b) Near surface

Fig.3 SEM micrographs on cross section of substrate
at 50% height of the airfoil suction side

Time torupture, h

Totalstrainrange As, %
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100 4+
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0

980°C x 180MPa
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[t

Fig.4 Creep rupture life of the blade

@ Airfoil (5% height)

Dataofthe shank

102

109 104

Number of eycles to failure N, cycle
Fig.5 Low-cycle fatigue life of the blade
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Microstructure of y* Precipitates in the Tip Part of a First Stage High Pressure
Turbine Blade of a Single Crystal Ni-based Superalloy after Service and
Following Aging
*Nobuhiro MIURA(NDA), Shiho YAMAMOTO(Tohoku Univ.) and Yoshihiro KONDO(NDA)

ABSTRACT

The morphology of y’ precipitates of a nickel-based superalloy serviced in the middle part of a 1st HPT blade
of a jet engine was investigated before and after aging to estimate the temperature and the stress distribution, and
the stress directions in service. After serviced blade, most of the y’ precipitates remained cuboidal in shape at the
internal cooling channel side. However, rafted y/y’ structures formed as the parallel to (010) at the vicinity of
coating layer of the pressure side. After simple aging, the rafted y/y’ structures appeared in the direction parallel
to the blade surface at all portions of the leading edge, while at the internal cooling channel side of the all
portions, the vy’ precipitates were coarsened. Consequently, very complicated stresss is load on the blade in

service, and the stress direction and stress distribution are different by the part and portions.
Key words: 1st High pressure turbine blade, Rafted y/y’ structure, Single crystal Ni-based Superalloy,
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Development of Nondestructive Testing Method
for TBC Delamination of Gas Turbine

—Study on Appropriate Testing Condition—
*Takayuki OZEKI, Eiji SAKAI Tomoharu FUJII and Toshihiko TAKAHASHI (CRIEPI)

ABSTRACT

Topcoat delamination of the thermal barrier coatings (TBCs) on the gas turbine hot gas path parts during
operation is the most concern. Nondestructive testing method for the delamination of TBCs using laser beam
heating had been developed. This method could successfully identify the delamination by detecting
the peak temperature and observing the thermal wake on the topcoat surface. However, the wake
could not be observed depending on the test conditions. Therefore, the selection method for the
appropriate test conditions to get the distinct thermal wake has been developed using the one
dimensional unsteady heat conduction analysis which simulates the nondestructive testing
method. In this method, numerical analysis is simplified to one dimension with the heating time
which is calculated by the laser beam diameter and the laser beam moving rate. This selection
method was applied to some topcoat thicknesses and derived the appropriate test condition for
each topcoat thickness.

Key words: Nondestructive testing, Thermal Barrier Coating, Delamination
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Fig. 1 Basic concept of nondestructive testing method for TBC delamination
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Table 1 Test condition for the one dimensional unsteady
heat conduction analysis

L — B — DB R 3.0x10° W/m®
< Bl S 5%x10° m
BC JE & 150x10° m
HME X 5x10° m
Fobr i (AR ) 5 W/(m*K)
TC K (BRI T) 5 W/(m*K)

Table 2 Test parameters of TC thickness and heating
time
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Fig. 3 Comparing analysis result for delamination part
to non-delamination part
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Development of Heat Resistant Superalloy for High Efficiency Gas Turbine blade

* Hidetaka OGUMA, Masaki TANEIKE, Ikuo OKADA (MHI)
Hiroshi HARADA, Tadaharu YOKOKAWA (NIMS)

ABSTRACT
In collaboration research between NIMS and MHI, Ni base single crystal alloy which have fine material
properties and is expected to be used for 1700 deg-C class gas turbine have been developed. In this project,

research and development for directional solidifying technology and estimation of long term material stability is

now in practice as advanced research leading to mass production technology development. For practical

application of candidate alloy, fine material property even in large size turbine blade castings.

Thermo-mechanical fatigue property of large scale castings with heat treatment in mass-production furnace was

evaluated. Meanwhile material properties of single crystal alloy are severely affected by crystal defects.

Development of casting technique including defect predicting technology was also carried out, and it was

confirmed that the analysis result have good agreement with experiments in cylindrical shape casting test.

Key words: Superalloy, Turbine, Single crystal, Crystal orientation, Thermo-mechanical fatigue
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Development of Advanced Thermal Barrier Coating
for High Efficiency Gas Turbine

*Taiji TORIGOE, Yoshifumi OKAJIMA, Masahiko MEGA, lkuo OKADA (MHI)
Junichiro MASADA, Keizo TSUKAGOSHI (MHPS)

ABSTRACT

Turbine inlet temperature has been increasing for the demand of higher thermal efficiency of combined cycle
gas turbines. Currently, MHI has been actively participated in the Japanese national project which targets 62%
combined cycle thermal efficiency through the development of 1,700 °C class gas turbine. Parts of the
component technologies developed in the national project are applicable to 1,600 °C class gas turbine. In
particular, thermal barrier coatings (TBCs) are one of the most essential technologies to achieve the target. So,
development of the advanced TBC materials with high durability and reliability is now ongoing. In this paper,
the TBC development situation and verification utilizing the MHI's actual power plant are discussed.
Key words: Thermal Barrier Coating , Thermal conductivity, Durability
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Topcoat (low thermal conductivity ceramic layer)
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Development of Fine Grain Inconel 718
by 6 process

*Tomohiro NISHIMAKI(TMU), Koji KAKEHI(TMU) and Yusuke KAWAKAMI(DOWA)

ABSTRACT
Ni-based-superalloy Inconel 718 is used for aero-engine disks and processed by forging and subsequent

machine work. This study aims to develop the fine and uniform crystal grain of Inconel 718 by delta-process.

Delta-process is the method to prevent grain growth by applying the pinning force by intentionally precipitated &

phases. We observed morphology of & phase which is changed according to the condition of & phase precipitation

heat treatment, and then prepared delta-processed Inconel 718 (DP718). It was found that DP718 had finer and

more uniform microstructure compared with the traditional C&W process (IN718) and resulted in higher tensile

strength.

Key words: Superalloy, Inconel718, & Process, Forging, Turbine Disk
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L. HAZ—E U TH DMz ¥ 0%
BT A — U 3rE T = 2 ORI, T8
B + TRt Bt & IREEZ LI
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2. EBAE

C&W ¥z & 7 ut 2% i L7- DP718 & i@ &
& TIERL L 72 IN718 % HIW TR R 21T - 72,
21 EMMIBLEIZKD S HHDRZEE

DP718 #{Efl3 220 THE5k & L TS
Rz L0 2T 2 SHOEEE . & L
T IN718 E' L v MZ 1150°C D& % i L 7=k &
Hunie. EREeo(b ik % Table 112~ N
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a6mm O EHE . 885 L7 D O 2
0.81-0.97 L 725y Z2E0 L & fHOMT A HIY
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L—3 3 Y7 hForge” & Vo, BVILER St A&
AL S AR 21T > i & Fig.1,2 127
Fig.1 7»5 & fHIZ 1000°C LA EClidb & LvEg s
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TR s HERZ < Bl s T,

Table 1 Chemical composition of Inconel 718 (mass %).

Ni Cr Nb+Ta Mo Ti Al

Co

Mo Cu C Si B Fe

5329 1771 527 29 09 048

044 005 o002

0026 005 00026 Bal
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Fig.1 Microstructure: (a)1000°C/24h, (b)950°C/24h.

25um (@ (b)

Fig.2 Microstructure: (a)950°C/1.5h, (b)950°C/24h.
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Fig.3 Working process of DP718.
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Fig.4 Working process of IN718.
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Fig.5 Microstructure: (a)DP718, (b)IN718.
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(b) IN718
Fig.6 EBSD microstructure.
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Fig.7 Result of tensile test.
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Microstructure and Strength properties of IN 718 built up by Laser Beam Melting
*Yoshihiro NAKAYAMA (Tokyo Metropolitan Univ.) and Koji KAKEHI (Tokyo Metropolitan Univ.)

ABSTRACT

In this study, alloy 718 were built up by laser beam melting in argon gas using pre-alloyed powder. The
specimens were cut parallel and vertical to the built direction. We prepared as-deposited samples and STA
(solution heat treatment and aged: AMS-5662) samples. To study the microstructure, the microstructure
of the specimens were observed by OM (Optical Microscope), SEM (Scanning Electron Microscope) and
EBSD (Electron Backscatter Diffraction). It was observed that the coarse columnar grains and the dendrite
structure grew up parallel to the build direction. We carried out tensile test at the ambient temperature and
650°C. At the ambient temperature, additive manufacturing specimen showed isotropic tensile properties.
But at 650°C tensile test, as-deposited and STA specimens showed lower strength than C&W specimens.
STA-90 degree sample exhibited lower elongation than STA-0 degree sample.
Key words: Superalloy, Inconel 718, Laser Beam Melting

1. #%E

Inconel718 (Special Metals D FFHE)1%, fLZ2eFHi44 %k
& L CREHICHW STV %, Platt&Whitney £k
PW4000 = > 2 TE STV % Ni 54200 32
IZ 57%7° Inconel718 T&h 50, FEEEHITCI,
BHEIR - RZERARORG ORUE, —FEFIZL D
IMTTROESM, B DB A A D e
ThHdHIE, Zhtfl - DEAFENRFREE W9 L@
5, @BMRE W RBEEEEm TR Sh
TW5, &I TARBETIE, MZEFHMEE LTE
S < W BTV % @lnconel 718 3K %2 AWy,
LBM(Laser Beam Melting)(Z k. > CFEEEE L=, 4
JEIETAL DR & TR 2 T,

2. EBAE

FEEEIZIZIE Yb 7 7 A = L —H—(Z X D IFHE
[E{t9-% EOSINT M 280, #3AI% EOS NickelAlloy
IN718™ % F N 7=, ¥y R DAL ARk 1% Inconel 718
(Special metals DRFFHE) X 1 FIEFSE T D, (LKA
#1ITRT, EMET LI UEFERET T, he—
AP 100um, FEE/E 0.04mm T, Ay A i -
b & T30 35mm O HEREER LT, Z D5
Ka 2T A4 AL, O HAREBIEE - 51
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R & BCEM T O B L=, Bl hh (B — s A
) Sk U CHETICEI Y U 72akE A 0°%F, R
20 HE L7232 90°%F & 7%, iEEMH H 1Y
L7z 2 OB IZHBW T, B E 0% as-
deposited #1, AMS-5662 Bi&(IX] 1)iZ L7273 - TEVL
FRAJifi L 7= 784 STA(solution treated and aging) & 3~
Do ZIHOFEHZOWT, MHRBIZE(OM, SEM,

TEM, EBSD)41To7c, F7z, 7w A~y NEE
0.5mm/min, ZEJEF L U650°CIZ THIHERBR 21T -7,

Table 1 Chemical composition
of EOS Nickel Alloy 718

Ni Cr Nb Mo Ti Al Co
50.0 17.0 4.75 2.8 0.65 020 <10
Cu C Si,Mn PS B Fe
<03 <008 <035 <0015 <0.006 bal
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Figure 1. Heat treatment of AMS-5662.
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OM (tEH) <TiE, B—FOfERELE v— RKhonT
VRIA MBESN, £, TURTA M,
B — KN REZ B TRELTRBY, TV K
FTA RO XX YILERENR LN, X 21T as-
deposited £4 ™ 90°%4 D TEM 4 %759, HekidTH# 2
HACES LT e, 2o, EDS o4y
Wroat, Nb 22 < GATWSLZ ED SFHTH DA
REMEDSEIVY, X 312 as-deposited A4 DOFESE J5 A% L
CFAT(0°m), HEE 72 1#I(90°1) > EBSD 4% /k9, 0°
M ClE, AEARRLIRERE T mIZ > THIER < RldE L
TUWe, ZHud, BESRBRORREGZ R LoD
FERDRRET AT E X X X VR EORERTIE LB %
55, 0°m, 90°MHH6HDBIEIZL Y, HEH O
ki, KRx Zefbibhiz A DIRKIC, Htksx
BT DI ENbnotz,

Build
Direction

Figure 2. TEM image of as-deposited 90° sample.
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Build
. Direction

Figure 3. IPF (inverse pole figure) map of as-
deposited samples: (a) parallel to the build direction,
(b) vertical to the built direction.

3.2 GREHM
321 =&

F 21 TRT L DT, HEMET 08428, BEEEI 90°K4 3
FHTEVIEEZ /R LT, as-deposited £4, STA #43E
\Z, 0°%F & 90 M D CHIIRRFEIC R & 22221 TR b4
Teolz, SIRIZBWTC, BEEMIE, iS5
HEWERE 2 R 2 E otz £z, STAOME
J N STA-90°%4 DFREE - SEMEIT, 718 VafiRsEH ORI
BAEZ B D Z ERHBNE TR -T2, S BIT, HIPKE
FER & STA0M Z Lol 4% &, SBEEIRIRTRE T8,
2 fELL EDIEM NG BTz, TV, K23 &R CE
1% Bt S AT EFBIEBOERE 25 HIP &1348720,
EEEE TRl — 22 B L, mEE LT
EEWETRT D2 EICERT S EE 260D, D
F0, FEEM TIL, HIP BERMIC W TIEME AR T &
WA ERE L 725 T % PPB  (Prior Particle Boundary)
DFRAT L7200, 2 (LA EDIEVEN G D= 2 & 2
bivd,



3.2.2 650°C

# 3 IR T L O, 650°CTIE, FEEMIL, as-
deposited 435 L ONSTA B & & IR |2 L~ 58
ISRIEICIRN Z E A SN e o 72, FEEM IR
HOEM T RTHRRE RN T OIEME I m VY, as-
deposited #4 & STA #4 % thii 9% &, as-deposited 44
VAR VERLEE 2 it L 72 STARE L 0 5T\ SR 2R
L7z F7z, STA-0RHIZLE~T, STA-90°441340 1/2
DIEMTH U, as-deposited £4C 1 STA-90°44 DIENE
EETARN Y, 90°K DFEMEDME T L7 JR IR, Jis 77
(TR 7SR ST > CHE A U7z iTREME N S
Zbhd, Flatkaa USRSk CREENAE T
ZAMBEMED BN LD, 5%, R ORARIR O
Hy— - Sk 2 BP9 & L72FEE 7 u & 2k L OB
BT AOKRFPVLETH L EEZLND,

Table 2 Tensile properties at ambient temperature.

0.2% .
Tensile .
. Angle Proof Elongation
Specimens Strength
] stress [%]
[MPa]
[MPa]
0 676.8 1022.5 28.1
As-dep.
90 789.8 1070.0 25.2
0 1270.7 1424.6 18.6
STA
90 1365.6 1518.9 14.7
Cast &
- 1034 1276 12
Wrought®)
HIP +
- 1260 1413 8.6
STA®
Table 3 Tensile properties at 650°C.
0.2% .
Tensile .
. Angle Proof Elongation
Specimens Strength
[°] stress [%]
[MPa]
[MPa]
0 594.4 862.1 25.1
As-dep.
90 742.6 941.1 23.9
0 594.2 816.1 315
STA
20 606.1 815.8 16.1
Cast &
- 862 1000 12
Wrought®)
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3. FEIEFTIE, HIPBERSICRW UES AR T S
% PPB (Prior Particle Boundary) 23 s% & 4172
We®, HIP BEREAMIZ AT RAF/RIEMN G5
iz,

4. 650°CIZHR\NT, BEM ORI, TAfRRIEH K
0 HKRIBIZENZ ERH LN ST2, As
deposited #41% STA # & [RIZEDTRE 27~ LTz,
STA-90°# DIEMEIE STA-0 R4 12 L~ TR,
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The Relationship between Stall and Leading-edge Vortex in a Centrifugal

Compressor with Vaned Diffuser
*Nobumichi FUJISAWA, Shotaro HARA, Yutaka OHTA (Waseda Univ.) and Takashi GOTO (IHI)

ABSTRACT

The experimental and CFD analysis were conducted to investigate the relationship between stall and
leading-edge vortex (LEV) in a centrifugal compressor with vaned diffuser. The LEV is distinct from the
separating vortex of the diffuser leading-edge and passage vortex of the diffuser. It is produced by the
accumulation of vortices caused by the velocity gradient of the impeller-discharge flow. According to the
experimental results, both the impeller and diffuser rotating stalls occurred at 55 and 25 Hz during off-design
flow operation. Both stall cells were existed only on the shroud side of the flow passages, which is very close to
the source location of the LEV. According to the CFD results, the size of the LEV doesn’t change, and the LEV
is comparatively stable in the designed flow operation. On the other hand, the LEV develops and forms a huge
flow blockage within the diffuser passages during off-design operation. Therefore, the LEV may be considered
to be one of the causes of the diffuser stall in the centrifugal compressor.
Key words: Centrifugal Compressor, Vaned Diffuser, Leading-edge Vortex, Rotating Stall, CFD
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Revolution Measurement System

Table 1 Dimensions of TestedCompressor.

Tested Centrifugal Compressor

|
15 Diffuser Vanes | Pulse Gnerator

Oil-Film Method

= Pressure Transducer
D.E.

Rotational Speed N 6000 mint °

MassFlow Rate G 164 kols ' D.ILfF——) Amplifier

PressureRatio Ps/Po | 1.1 . / Ll (TEAUC SA-57)
Impeller | AirFl FFT-Analyzer

Number of Blades z 14 ° IrFlow

(Main + Splitter) (7+7)

Inlet Diameter D1 248  mm K/ ! Computer

Outlet Diameter D2 328 mm i

Exit Blade Width B2 26.14 mm i A/D Converter
Diffuser |

Blade Shape Wedge 1.1 f -

Number of Vanes Y% 15 D.E. CTA Bridge

Leading Edge Diameter D3 360 mm D12 Hot-wire

Trailing Edge Diameter Da 559 mm P> 24° Anemometer

Diffuser Width B4 26.14 mm L — |

HIZIEL SOTRENPIR(ODV) 25 H L7-.
22 EEAE

JEAEMS OB, JEMER S O BRI E LT
FEEREET I VEFHAIL, FEIE A DI
ELEAY 7 0 AMERTZHWCEHI Lz, $£7,
FPPIR B M AVE S A hiEEIC X0 "I b L7z,

JEAEHENERIC R AT 2 IEEFBREMET 57
WIZ, JENEEY O [RIRFFH 2 AR 777 7 1A 3
FONPHAR L OB T ATV, PR B R O i
HWIEZIT 7. Figl IZE T o33 L OB
R ORENE ZRT. JEN ' ORENEL,
TAmE A LT, PREAOIL), T4 7 2
—PRENPWAOD.L), T4 72— FREPNPIHRH
H(D.E)D 3EATCTH . AT MK LCiE, 24deg
BNz 2 FAT(D11,D.I2)TH D, Fiz, ERiE
G2 W72 FOE I E T, BiEEM(D = 339 mm)
IZBWT, NTRINS Y 2T 7 RIE T 5%4 4T
N T N—ZFHI LT,
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o, 3 Wt Navier-Stokes 2, —
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AR EIC X0 BER L7z, ki H 1
MUSCL(Monotone Upstream-centered Scheme
for Conservative Laws){ZIZ L0 Sk EL L2
FDS(Flux Difference Splitting)Z V>, HiMETEIX
T AOEIIZHS 2 WIFEHOLZE5 TR L
7o, £z, EERIAES T LU-SGS(Lower-Upper
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Fig.1 Experimental Apparatus and Measuring System.
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Fig.3 Compressor Performance.
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Large-Scale DES Analysis of Unsteady Flow Phenomena
in a Transonic Centrifugal Compressor at Near-Surge Condition

*Dai KANZAKI(Kyushu Univ.), Takashi NISHIZAWA(Kyushu Univ.)
Masato FURUKAWA (Kyushu Univ.) and Kazutoyo YAMADA (Kyushu Univ.)

ABSTRACT
Unsteady flow fields in a transonic centrifugal compressor at near-surge conditions have been investigated by
detached eddy simulations (DES) using 400 million grid points. The simulation results show that the flow field
in the impeller at near-surge is dominated by the blade stall near the full-blade tip of impeller, which causes the
huge reverse flow region near the shroud wall. It is also found that the rotating stall with large reverse flow

regions plays a major role in the flow field in the diffuser at near-surge.

Key words: Centrifugal compressor, Near-surge, Flow phenomena, Numerical simulation
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Fig. 9 Radial velocity distributions near diffuser shroud wall at maximum pressure rise point
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Numerical Analysis of Flow in Ultra Micro Centrifugal Compressor

—Influence of Cone Configuration at Impeller Inlet—
*Atsushi YONEMURA, Masanao KANEKO and Hoshio TSUJITA(HOSEI Univ.)

ABSTRACT

For an ultra micro centrifugal compressor (UMCC), the applicability of two-dimensional (2D) blade
has been investigated by considering the productivity in the downsizing of impeller. However the
aerodynamic performance of impeller with 2D blade is generally inferior to that with three-dimensional
one. Therefore, in order to develop UMCC with 2D blade, it is necessary to clarify the influence of
various design parameters, which specify the shape of impeller, on the aerodynamic performance of it.

In this study, the flows in the centrifugal compressor impellers with 2D blade which are different in
the meridional configuration on the hub side at the impeller inlet were analyzed numerically. The
computed results clarified that the application of cone configuration at the impeller inlet increased the
efficiency due to the decrease of loss at the impeller inlet, and decreased the mass flow rate due to the
decrease of passage area in the suction pipe.

Key words: Centrifugal compressor, Micro gas turbine, Numerical analysis, Two-dimensional blade
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(b) C-Imp.
Fig.1 Test impellers



Tablel Dimensions of test impellers

B-Imp. [C1-ImpJC2-1mp]C3-Imp.

D, | Inlet tip diameter(mm) 10.80

D,| Outlet diameter(mm) 24.00

h, |Outlet blade height(mm) 1.44

z Number of blades 12
hic| Tip clearance(mm) 0.30

T | Blade thickness(mm) 0.30

a | Inlet blade angle(deg.) 50.00

S |Outlet blade angle(deg.) 30.00

D,| Boss diameter(mm) 1.00 | 2.00 | 3.00

SP1
SP2
S@3

Fig.2 Meridional colnfiguration of C-Imp.
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(b) C2-Imp.
Fig.5 Cy distribution at mid-pitch
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Fig.6 AC, distribution at blade tip
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Fig.7 Cy distribution and
secondary flow velocity vectors at mid-chord



(b) C2- Imp Jf

Fig.8 Cys distribution near shroud surface
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Fig.9 W, distribution at outlet

(b) C2-Imp.
Fig.10 W, distribution and
relative velocity vectors near shroud surface
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Fig.11 Impeller efficiency
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Fig.12 Circumferentially mass averaged
V, distribution and meridional velocity vectors
at impeller inlet
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Fig.13 Incidence angle
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The Comparison of resolved LES and RANS of Two Dimensional Compressor
Cascade

*Takuya Ouchi, Susumu Teramoto(Univ. Tokyo)

ABSTRACT

Due to the difficulty of experimental studies on tip leakage flows, computational studies which use

Reynolds Averaged Navier-Stokes Simulaiton(RANS) have been conducted to investigate the tip

leakage flow. But the validity is questionable since it contains separation, strong shear flows and

turbulent boundary layer interactions. In this reserch, resolved Large eddy Simulaiton will be introduced

to simulate tip leakage flow, and by using this result as criteria,the validity of RANS to tip leakage flow

will be discussed. As preliminary step for this, two dimensional comparison of resolved LES and RANS

is conducted. Since Reynolds number based on chord length is moderate(Re. = 3.88 x 10°), the suction

surface boundary layer is not fully turbulent, although two dimensional tripping is set. Therefore another

method like three dimensional tripping will be needed.

K ey words: Compressor,CFD
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Table.3 Mesh characteristics
zone chord pitch  span total
1 150 320 60 2,880,000
2 200 1520 60 18,240,000
3 150 554 60 4,986,000
26,106,000

Fig.1 Computational grid with close-up view near trip.
Every five pointsis shown (top)
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Fig.3 Pressure coefficient Cp distribution
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Fig.4 Skin-friction Coefficient Cf distribution of
pressure side(top) and suction side(bottom)
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Large-Scale DES Analysis of Unsteady Flow Phenomena at Near-Stall Point
in a Multi-Stage Axial Compressor for Gas Turbine

*Satoshi NAKAKIDO(Kyushu Univ.), Kazutoyo YAMADA(Kyushu Univ.)
Masato FURUKAWA(Kyushu Univ.), Akinori MATSUOKA(KHI) and Kentaro NAKAYAMA(KHI)

ABSTRACT
The final goal of this study is to elucidate the flow mechanism of the rotating stall inception in a multi-stage
axial compressor for an actual gas turbine by conducting large-scale detached eddy simulations (DES) on the K
computer. In the present study, the DES was conducted for the front half of the whole 14 stages of the
compressor, because of a limited computational resource. This paper describes unsteady flow phenomena in the
compressor at stall inception, which are seen on the hub side not the tip side, by visualizing vortical flow

structures using data mining techniques.

Key words : Multi-stage axial compressor, Corner stall, Unsteady flow, CFD, K computer, DES
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(b) Compressor rotor

Fig. 1 30MW class gas turbine
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Fig. 7 Ensemble-averaged flow field (t = 0.6)
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(b) Vortex structures and entropy distribution

Fig. 8 Instantaneous flow field at 6™ Rotor
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Fig. 9 Instantaneous flow field at 7" Rotor
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Visualization of Unsteady Internal Flow under Surge and Rotating Stall

in an Axial Flow Compressor
*Hiroaki MITSUI, Shunsuke OKA, Yutaka OHTA and Eisuke OUTA(Waseda Univ.)

ABSTRACT
The unsteady behavior of a rotating stall cell during a surge cycle, in particular the irregular surge cycle, was

investigated in a single-stage axial flow compressor by detailed measurements of the unsteady performance

curve and circumferential flow velocity fluctuation ahead of the rotor blade. The flow blockage during the

stalling and recovering processes is visualized using the double-phase-locked averaging technique. The flow

blockage ratio within the rotor cascade during a surge cycle indicates that the key factor in determining the next
surge cycle in the case of the coexisting state of rotating stall and surge may exist between the stalling and
recovering processes of the surge cycle, in which a stall cell generated at the rotor cascade develops in the

circumferential direction over the entire area.

Key words: Axial-flow compressor, Double-phase-locked measurement, Rotating stall, Surge
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Table 1 Features of tested compressor

Tested axial flow compressor

Close-up of slit

Capacity

Rotational speed 12000 mint
Airfoil configuration NACAG5
Hub diameter 80 mm
Casing diameter 131 mm
Rotor blade
Number of blades 12
Rotor tip diameter 130 mm
Chord 30.0 mm
Clearance 0.5 mm (tip)
Stagger angle (at tip) 64.06 deg
Stagger angle (at hub) 30.50 deg
Stator vane
Number of vanes 15
Chord 245 mm
Clearance 0.5 mm (hub)
Stagger angle (at tip) 9.999 deg
Stagger angle (at hub) 16.84 deg
Data recorder
I (SONY.SIR-100|OW)
CTA Bridge amplifier
(DANTEC, 90N10) (SIC-97-32BUF)
I
Hot-wire anemometer Pressure Pressure
(DANTEC, 55R01) transducer transducer Photo
(Kulite, XCQ- || (Entran, EPIH- Interrupter
093-25A) 343-100P)
Induction
F{l ﬂh motor |
€« -~

£z

D[ o
- - =)
Rotary

valve
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i

—=

Inlet 4‘]
bellmouth

Fig.1 Experimental apparatus and measuring systems.
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Fig.2 Unsteady behavior of tested compressor under coexistence state of surge and rotating stall.
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Fig.3 Unsteady pressure-rise characteristics during
irregular surge cycle and intervals for analysis.
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Fig.6 Configuration of rotating stall cell in various
surge cycles at recovering process.
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Fig.7 \Variation of blockage ratio in stalling and recovering processes during irregular surge cycle.
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Evaluation of Noise Reduction of Microjets Using Small Model Jet Engine

*Masataka FUKUMOTO, Shuichiro OMIYA(Tokyo Univ.), Kei WADA(Science Service),
Hideshi OINUMA, Kenichiro NAGAI, Tatsuya ISHII(JAXA) and Shigehiko KANEKO(Tokyo Univ.)

ABSTRACT

It is known that mixing devices which are attached to nozzle lip and enhance mixture of high speed flow and
surrounding air are effective for jet noise reduction, but induce thrust loss. As well as in the larger scale engine
test, it is important to survey the aerodynamic and acoustic performances of the mixing devises in the sub-scale
model test. The authors proposed a compact and flexible facility to realize heated jet in anechoic environment. A
small model jet engine and an anechoic wind tunnel made it possible to measure the jet noise in the far field and
the thrust loss by the mixing devices. This paper describes the jet noise reduction and thrust loss when a typical

micro-jet is applied to the baseline nozzle.

Key words: Jet Noise, Heated jet, Thrust, Model Jet Engine, Mixing device, Microjets
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Table.1 Example of Operating Conditions

Engine speed 90.4 | 96.9 | 100.5 | 104.5
[krpm]

NPR 123 | 128 | 131 | 136

Mach number 0.56 0.61 0.65 0.69
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Performance prediction of variable heat to power ratio micro gas turbine system
—Effect of steam injection—

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

ABSTRACT
Micro gas turbine is expected so as to be used as distributed power. So far, it has been introduced as a
cogeneration system to the facility with a lot of heat demand such as hotel, gym, hospital and so on. However,

when the variation of the heat demand is intense, exhaust heat energy is thrown away without being used

effectively. In this study, the steam injection into the micro gas turbine has been considered in order to make

effective use of the exhaust heat surplus. The impact on key performance parameters such as power output,

thermal efficiency by steam injection has been investigated.

Key words: Micro Gas Turbine, Steam Injection, Cogeneration
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Fig.5 The system of steam injection
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Dynamic Simulations for Start-up behaviors of Microturbines

*Keiichi SEKI, Susumu NAKANO and Youichi TAKEDA(Tohoku Univ.)

ABSTRACT
A dynamic simulator for microturbines, which is composed with centrifugal compressor, premixed combustion

burner, and radial flow turbine, to calculate cycle behaviors from ignition to rated rotation and stpo is developed. This

dynamic simulator is composed of kinetic equation of rotor, calculation models of compressor, combustor, turbine, and

loss models. Calculation models for centrifugal compressor, premixed combustor, radial flow turbine, mechanical

losses like windage and bearing loss, and heat losses of combustor are shown. To ensure the simulation accuracy,

experimental data taken from microturbine operations are compared with the calculation results. The simulation results

show good agreements on the experimental data. Effects of mechanical losses and heat loss of combustor on the

calculation results are discussed.

Key words: Dynamic simulation, Microturbine, Centrifugal compressor, Pre-mix combustor, Radial flow turbine
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Table 1 Characteristic values of reference microturbine for

verification
compressor turbine rotor
diameter [mm] 65 56 9.1
mass [g] 51.9 221.2 42.0
axial direction length [mm] 24.8 27.3 72.6
inertia moment x 10-%[kg/m?] 22.8 39.6 31.8

Table 2 Characteristic values of fuel flow rate

0~5[s] | 5~10[s] | 10~15[s] | 15~20 [s] | 20~30 [s]

65 L/min | 0—45 50 55 60 65

25L/min | 018 20 22 24 25




5. RIEAYAH/04—E v RTFLEGESE

MRFA Y = & L KBIORTHAY 2 f L —H
H—E (VT4 T T va g v -y
0— X OABIER T, ZFOREKEEE 1ITRT. R
Begn OREHMEIY, 74 F—EZ9L.0mm, r— 7
B 110.0mm, 2K 266mm TH 5.

FHROPIMIE & LA k(alEEEL 20,000rpm & 5%, K
WRBHR BRI A 5 2 T, KQ)Du—F OiEE
BAA RS LT RS Iy 7 e 7 v #
A AW BEIOMREITEIEE 2 0B Th 5.

KT — & LR RO TN & 65L/min &
25L/min @RI ORIFREL & & — B A A RREE (TIT)
& .

6. HERR
6. 1 REFROBEBREBMBLOTE

PRER B 65L/min DRREHR Bt 4 5 2, RIGERR D EL
AL o —XOBBBRIROEMEZBE L. 4 7F—AD
ARG R & A RO AZX 8, K9 IRT. HIHI
BB O BE TS, B OSBRI
BURRABET D2 L TEE LARWIGEIZH A TEER
HBEO TIT IHMETT 5. ZOKTFETRERIC LY K
EL D EBIRHIRESR T A T — T — T DA
JVRE MR N T BRI OB ENEE I/ 572 &5
ZBND. BB R —E R TIE, FHEEUBI LTI
FOERITDRL D, TIT 135 50°CHZERNE T
TV D, fEIERHCEI L, B & o BB e 28
B LA EERE TIT @< 2%, BUBAREBEL
RN — AT, BREHENT & R SRS TER SN D 72
B, BEEEEO TIT & HAMICIK T 5. ZiuaxiL
TEBLE A ZET 57— AT, REERR T A F—0 bk
A7 KRR MR L RN BVREEIZ L > TRIMEZ
U, ZANREREET S D & — B A 1 28R O NIENR & 7
Bz, BRENEWTEE © RE O FIZRA 6720, ZOfH
ME TITIZBWTE D BEEFICEN TN D.

MR OB B L Cix, KB omn5d ko, B
B OB CHHE R EIIER TR, 2, R
BRORT U o ZHIN, RENTE—EFIRIC BV T
#J 0.028kKW & % — &' 413 8.515KW (2T, flied T
LIz Th D, Teks, K8 ITHWT, EEIEEOD 50
¥ T CEMEH Z LR DOIFRIEF K 0 b @ old, #
— b UEE A L L TEMBICIER L T —Err—4
Z RS D EMLEROFBEDOTIZDTHD. AV I 2 L—
2 TIIABIRF O FEME 22 AR X BE L TV RW»ao T, &
ORI TE TWRV. F7, IR RIEEI N
TV XBENDOIFFHIRGEORE L Bbn s, JE b
A EBRTILEEEHITEE L CEHIIL TR Y, 21K
WZFHHL A XOENBNT- b O L b s.

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

PLEXY, MEEFO~A 7 u X —E T, BREEsD
BRI TEEN ) HIE L E TORENCAE R E L 5
R I IR T 2 O BN B % T T 2 & 0K
STz,

110000
100000
Q0000 -
. 80000 -
£ 70000 |
— 60000 - , |
i S0000 4 .O‘ l..'!i!'h.'r'lllll.'llﬂklil
w =
E 40000 i T heat loss machaniac] loss
.% 30000 # i :: :; & ﬁu’n',
B 20000 o -
10000 || of of b
0 - e o s -
] 500 100 150 200 250 300 350 400 450 500

time [s]
Fig.8 Comparison of calculation and measured over
rotational speed (fuel flow rate 65L/min)

1000
900 |1k
800
700
Y 600 P
E 500 ©  cxperiment data
A, 3
a00 |HEE heat loss | machanizcl loss || § % | [ | ' .
300 |H[— on o =, T T I |
200 I on all NS
off on
100 H— e off I [ | | '

g /T 7 ehecesleceeleenhos
o 50 100 150 200 250 300 350 400 450 500
time [s]

Fig.9 Comparison of calculation and measured over turbine
inlet temperature (fuel flow rate 65L/min)

6. 2 EHREBHELI—EDEORE

PRELE  65L/min & 25L/min OREHR BT hEh
D — A TEMRIR L 72— 3Ry, LRZR
MAA LG, RS A WEA L gGE, KO
IR A A L7255 OFHRAE R & R BREE T
—X L OEZK 10, K11, K12, K13 1R

[ 10, [ 11 7> 65L/min 04— A T3 =R i
& EIRBHFRAR D DD A — A O RN RS B
B9 5. F72, K12, X 13225 25L/min O 47— ATl
TERZh AR D & — AN EHRAE R b VMEZ 2R L
TW5. BREEA % — B 3 ER a5 130,000rpm Tk
FrEanes—rrTho, [FEEH)Y 100,000rpm (2725
PRENA & 65L/min 47— X T, JEfit & % — v 0@
DSENVMAITCFEBRFIZUT < 72 0, BRBHE & 25L/min o [aldis
043 50,000rpm & FEREEHRHUZ AR TR W7 — 2T, 2
RALDMEMACHERRE &< 72 D ZaUT— A0 ¥ —
BV AT DORHEE TR LR WERIZZR > T D,
72k, K12, 13128\ b B GRG0 R
B, FEEEDMRNY, O BRHE IR b T



110000
100000 |5 oo
90000
80000 1
70000 |
60000 |
50000
40000
30000
20000
10000 |

0 ! L
0 50 100 150 200 250 300 350 400 450

time [s]

p— N X

o) experiment data

average efficiency

Rotational speed [rpm]

= == lower efficiency T

higher efficiency i | o |

Fig.10 Comparison of calculation and measured over
rotational speed (fuel flow rate 65L/min)

1000 ———— oo
200
800 §
700
:’j 600
: 500 3 3 L
= a0 experiment data
300 —— average efficiency
200 === lower efficiency
100 [ |- higher efficiency | oS
0 I
il S0 100 150 200 250 300 350 400 450 500

time [s]
Fig.11 Comparison of calculation and measured over turbine
inlet temperature (fuel flow rate 65L/min)

5. DFEDX 12 ITBWT, 50 1% 0 EMEZE RO
IEEZICEEEE — B T35, £72K 13 128 T 50
BFE CIIEMERIOMGIC L 2 ZERmERE MO0
TIT MEDIZ/2 Y, 50 B LARRIIERME 42 A1 1k & =]
B O TIC L W 22K EMET 75720, TIT A
W ERT 5. K12 0EIERES, K10 & [FERIZEEE O
NIV ERENTND.

7. fEE
wDERER, TIRA MBS, MY — v nbind

AT aHAZ—E U EMNRE LT, AMERET — 5 %

T LR RET VS DA AT I v v Ialb—H

R LT, ~ A 7 v B — ORISR E &

B L CLL R ORI R 257

(1) BMEK BB AEZET 5 2 & T, BRI
W HAF L FE COFERIER L RAFOBEL R L
B ISR I TEIR 2RISR e e B2 5 2 D DI
%f U, MR S IR DT e i B e B 2 512
FTThHDHZ RIS NT-.

(2) JEAEHS & 7 — B v OB RICABRT — 2 D e
DR 2 SEYERRR L L, 20 LIRE & FIRIE %
B2 22 L2k, B D R g D IRk
LCHERM & B 8T DN S b,

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

506

60000 -

S0 i 8l e = = R =
7 s W °¢%
o
£ 10000
2
= 30000 : : :
] O  experiment data
§ 20000 average efficiency Pl @
o
= - == low i
E 10000 lower efficiency
e | |- higher efficiency °
o - ol 1 ‘o

0 50 100 150 200 250 300 350 400 450

time [s]
Fig.12 Comparison of calculation and measured over
rotational speed (fuel flow rate 25L/min)

800
bw‘aﬂ
0 o o i nopen
600 | &
Y 500
E 400 3 1 L !
o] experiment data
300 .
— average efficiency
200 .
=== lower efficiency ==
100 | -=--m- higher efficiency [ |
0
0 50 100 150 200 250 300 350 400 450 500

time [s]
Fig.13 Comparison of calculation and measured over turbine
inlet temperature (fuel flow rate 25L/min)

z E X #

1) /AR R 22 S NG R, P9 RTRERN, E RS IR
P e =z K )5 E-SOFC (EIARR L
TEBREVEM) bY T ar g v R AT A, =5
B TR, Vol.48, No.3 (2011) pp.16-21.

2) HEIESEEE AT — K HIR AL W RUKNE RS & VT
YA T AT AL = ERIEE Y AT L L TE
FRRFE AT, B AR AL SO 46 Wi -
A IR U4, (2011) pp.112-113.

3) W T AZ—v U iket, IR AR, (1965).

4) kR ARF K EE A BB, S SRR, 2 R L D
JE A D MERRI R 133 AR B3 05 B [ 43 A1 D 52,
HARBE Y= 5 SCHE (B W), 53 &, 486 5
(1987)pp.496-499.

5) Aungir, R., H.: Centrifugal Compressors A Strategy for
Aerodynamic Design and Analysis, ASMEPRESS,
(2000).

6) Lefebvre, A., H.: Gas Turbine Combusion, Taylor &
Francis, (1983).

7) Balje, O., E.: TURBOMACHINES, JOHN WILEY &
SONS, (1981)

8) WRIEARF: WESTEALY: & TRictts, 2B (1982)

9) Nakano, S., Tsubouchi, K., Inoue, T., Kishibe, T.,
Shiraiwa, H.: A study on thrust of radial turbines that
have a permanent magnet generator rotor in a common
shaft, IGTC2011-0170, (2011).

o«

500



FAREAHAFTRI—EVZLTFHEES (BBEX) FEHXE, 2014.10

[(BFZERE]

B-12

BLEARI—E VDR
il AR (B LRRRD), i BEE (EmTER)
Development of Tabletop Gas Turbine

*Shota Nakayama (Kochi Univ. of Tech., Graduate School) and Yasukata Tsutsui (Kochi Univ. of Tech.)

ABSTRACT
Jet engine and gas turbine has served as propulsion and power generation. However, it is hard to say that the
operation principle is understood in general. In this study, it is intended to develop a gas turbine capable of
operating quietly and safely on tabletop. We believe that tabletop gas turbines will become educational materials
of high school and junior high school and that many gas turbine contests for junior high and high school students
will be held.
Key words: Tabletop, Gas Turbine, Contest for students
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Table 2 Rotational speed and air velocity
4. EBRHRLER -Turbine angle: 20 deg.
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Table 3 Rotational speed and air velocity
-Turbine angle: 30 deg.

Table 5 Rotational speed and air velocity
-Turbine angle: 30 deg.
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Table 4 Rotational speed and air velocity
-Turbine angle: 20 -25deg.

BE e |mm I )5 |[EE 57

w | BEER g | O |mm o

RPM 1 = e | aE
337 0.9 1.53 56 -14.7 30 20

344 0.89 1.62 6.3 -15.5 30 20

330 0.89 1.66 54 -172 30 20

380 1.14 1.50 3.0 -125 30 25

394 1.14 1.56 3.8 -12.5 30 25

403 1.13 1.63 45 -12.8 30 25

669 103 | 151 -16 | %L 20
703 106 | 159 21| #HL 20
754 104 | 168 -15| 7L 20
510 110 | 146 =31 | %L 25
553 110 | 154 25| #HL 25
568 113 | 157 29| #HL 25
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