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What learned from gas turbine and transferring it to young engineers
Takanari Okamura (HIT)

ABSTRACT
I was engaged in duties about gas turbine in a company for 30 years from 1970. Gas turbine continues changing with
performance, capacity, system and an aspect of the use during this period. My experience extends to large domains of gas
turbine such as design, development, research, maintenance, plant engineering and factory operation. Development of highly
efficiency gas turbine of thermal efficiency 33% and plant engineering of large capacity combined cycle power plant for some
electric companies are in particular impressive. In addition, I was able to have interchange with many people through my work.

It is my pleasure that young engineers are interested in gas turbine from my experience. | expect that these engineers will

promote the progress of gas mirbine and contribute to industry and social life.
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Figwre 1  First Japanese Gas Turbine
(from Gas Turbine Gallery in GTSJ)
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Figure2 Test apparatus of hydrogen combustion turbine
(from Gas Turbine Gallery in GTSI)
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1/5 model of 1300°C  class middle capacity
gas turbine
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Young Researchers and Enthusiasm

*Takashi IKEGUCHI (HITACHI)

ABSTRACT
The gas turbine development in Hitachi, Ltd. such as R & I of H-25 gas turbine is always supported by

enthusiasm of the young researchers and engineers aiming at the world's best level.

Key words: Gas turbine development
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Thermal hydraulic characteristics of a microchannel heat exchanger for
solar gas turbines

*Motoaki UTAMURA(Tokyo Tech), Yasuyoshi KATO(Tokyo Tech) and Yutaka TAMAURA(Tokyo Tech)

ABSTRACT
Highly compact heat exchangers are desired for regenerative gas turbine cycle with super critical carbon dioxide as
a working fluid. A set of empirical correlations of local heat transfer coefficient and pressure loss coefficient are
newly derived based on experiments using micro channel heat exchanger (MCHE) with supercritical carbon
dioxide as a working fluid. They are Nu= C;Re**Pr’®, C;=0.0473, f= C;Re®% | €,=2.294.The same correlation
of Nusselt number is found applicable to both fluids and its value is almost two times larger than Dittus Boelter
correlation. It was also shown that the above form is applicable to a wide range of geometry with the values of
constants C; and C, changed. For example, the correlations with C;=0.01¢ and C,=0.156 are applicable to an
existing tubular heat exchanger. Accuracy of both correlations is confirmed within 5% errors for MCHE with
S-shaped fins in the range of pressures 9~12.5MPa and temperatures 280~390K. Based on the correlations, design

method of heat exchanger is also developed.

Key words: Solar gas turbine, Nusselt number, micro channel, heat exchanger
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Research on Visualization of Cooling Air Flow in the Turbine Blade with

Integrated Cooling Configuration
*Kenji IKEDA, Kazuyuki MATSUMURA and Toyoaki YOSHIDA(TUAT)

ABSTRACT

The improvement of the cooling technology is very important to increase thermal efficiency. It is necessary to
know how cooling air flows for the improvement. It is useful to apply PIV (Particle Image Velocimetry) for the
visualization of cooling air flow. In this research, the enlarged model of the integrated cooling structure
considered to have very effective cooling performance was adopted .and PIV experiments were conducted. In
order to analyze cooling air flow in the integrated cooling structure, many flow field data through PTV method
were accumulated. The experimental measurements were compared with the results by numerical simulation
conducted by Ishikawajima-Harima Heavy Industries Co., Ltd.

Key words: Turbine, Impingement, Pin-Fin, Film Cooling, PTV
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Influences of Turbulence Models on 2D Cascade Heat Transfer

Using the Conjugate Simulation of Flow and Heat Conduction
*Takahiro BAMBA, Takashi YAMANE and Yoshitaka FUKUYAMA (JAXA)

ABSTRACT
In flow simulation with large strain rate, the selection of turbulence model gives unignorable influence on
heat transfer prediction, which is known as the stagnation anomaly. Typical turbine cascade flow includes
stagnation on leading edge, secondary flows, and wake, all of which possibly produces large velocity strain rate.
Similar and possibly greater influence is expected on the conjugate simulation results, and it must be
thoroughly examined. A time-scale bound is applied to basic k-@ and SST models install in the common CFD

platform UPACS. This paper discusses influences of turbulence model selection on heat transfer prediction in

two-dimensional turbine cascade with simple internal convective cooling.

Key words: Conjugate simulation, Turbulence models, Heat transfer, Cascade Flow
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Application of CHTflow(Conjugate Heat Transfer and flow) analysis
to the cooled blade design and the result of temperature measurement

*Ryozo TANAKA, Takao SUGIMOTO, Masanori RYU, Koichiro TSUJI
(KAWASAKI HEAVY INDUSTRIES,LTD)

ABSTRACT
In development process of cooled turbine blade, precise prediction of the blade temperature at the design

stage and precise temperature measurement in the prototype engine test are both very important for reducing

the turn around time of the development process.

With respect to the metal temperature prediction,

CHTflow(Conjugate Heat Transfer and flow ) analysis results which KHI applied to the cooled blade design in

collaboration with IDG (Institute of steam and gas turbine, Aachen University) are presented, and with respect to

the temperature measurement, the blade temperature measurement results by some methods including the

thermal index paint and the latest pyrometer system are also presented.

Key words: Turbine cooling, Heat transfer, Pyrometer measurement, Film cooling
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Experimental Research on Cooling Performance of an Innovative Cooling

Structure - Multiple Angled Impingement
* Shu Fujimoto (IHI), Yoji Okita (IHI), Yoshitaka Fukuyama (JAXA), Takashi Yamane (JAXA),
Fujio Mimura (JAXA), Masahiro Matsushita (JAXA) and Toyoaki Yoshida(TUAT)

ABSTRACT

Innovative cooling method named Multiple Angled Impingement, which realizes drastic reduction of cooling
air used for turbine shrouds, has been invented. To confirm cooling performance of this cooling structure, we
manufactured test pieces of dummy turbine shrouds to which Multiple Angled Impingement cooling structure
and conventional impingement cooling structure were applied. Cooling performance tests were conducted using
these test pieces for several Reynolds numbers of mainstream hot gas and cooling air flow. IR images on heated
surfaces of the test pieces were captured for every Reynolds numbers in the tests and then distributions of
cooling effectiveness were obtained. In the results of these tests, space-mean cooling effectiveness on the test
piece surface of Multiple Angled Impingement was much better than that of the conventional impingement
cooling structure.
Key words: Turbine Shroud, Internal Cooling. Jet Impingement
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Studies on Integrated Impingement Cooling Devices

{Simultaneous Measurements of Inside and Outside Heat Transfers)
Hamidon Bin Salleh(Graduate School of Iwate University),Funazaki Ken-ichi(Iwate University),
Nakamata Chiyuki(THI),Okita Yoji(IHI)

ABSTRACT
This paper deals with experimental and numerical investigations on the film effectiveness and heat transfer
coeflicients for Transpiration Cooling System (which integrates impingement cooling and pin fin cooling
devices into one body). The proposed cooling system aims at enlargement of the effective heat transfer area as
well as enhancement of the internal heat transfer. One of the purposes of the present study is to clarify any
different in film cooling effectiveness for two different internal cooling configurations. Large-scale test
specimen, made from acrylic resin, Experiments are conducted using heated air as secondary air whose density
ratio (D.R.) is about 0.87. The experimental technique involves a liquid crystal coating on the test surface. The
present study is not only to determine film cooling effectiveness and heat transfer coefficient on film surface, but
also to measure target plate and pin fin surface heat transfer. Numerical simulation is also executed, where
ICEM-CFD mesh builder and CFX10.0 solver from ANSYS CO. are used. Flow structure inside the cooling
device visualized by CFD is useful to find out a relationship between the flow field and film effectiveness or
heat transfer.
Key words: Transpiration Cooling System, Experiment, Numerical Simulation, Heat Transfer, Film
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Numerical Study of Flow Field near Film Cooling Hole

Susumu TERAMOTO(TOK YO Univ.) and *Satoshi MIZUKAMI(TOK YO Univ.)

ABSTRACT

Film cooling is a major cooling technique for turbine cooling. Flow field of film cooling is very complex and results

calculated by RANS don’t match experimental results. This paper describes calculating this flow by two turbulent
model (Spallart-Allmarous(SA) and shear-stress transport(sst) model) and clearing how RANS results don’t match

experimantal results and difference betwwen SA and sst results. Calculated configuration is a film cooling of a flat

plate in which coolant air is injected from a plenum through one row of inclined circular holes. This paper’s CFD

results don’t match experimantal results at centerline film efficiency but averaged film efficiency. Different turbulent

model{SA and sst) resuits match almost each other.

Key words : Film-Cooling, CFD, Turbine Heat Transfer
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Application of Flow Analysis in High-Pressure Axial Compressor by CFD
*Shinya GOTO, Takaya KATO, Dai KATO(IHI)

ABSTRACT
Axial Compressor, one of the most important components in aircraft engines, has several complicated
structures, such as VSV (Variable Stator Vane), Inter-Stage bleed, Cavity, Fillet, and so on. Recently, various
studies using CFD have been conducted that such configurations affect compressor performance, This paper

describes the results of investigation on the effects of Fillet, VSV, and Inter-Stage Bleed on blade-row

performance.

Key words: Axial Compressor, CFD, Fillet, Variable Geometry, Bleed
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Computational Analysis of Acoustic Wave Propagation through Cascade
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Kazuomi YAMAMOTO (JAXA), OsamuNOZAKI (JAXA), and Tsutornu OISHI (IHI)

ABSTRACT

In this paper, two cases were analyzed. Firstly, a case when an acoustic wave propagates through a cascade
with flat plate blades was analyzed by our numerical code based on Euler equation. The results were compared
with those solved by a theoretical method, and showed good agreement with theoretical one qualitatively.
Secondly, for the realistic case, fan noise generation and propagation was simulated by unsteady Reynolds
averaged Navier-Stokes code. Some of the authors had analyzed generation and propagation of fan noise caused
by rotor-stator interaction before. In their results, acoustic wave propagation through rotor blades could not be
simulated clearly because the grid density around the rotor blades was not sufficient for capturing the acoustic
wave propagating through. In the present study, the grid density has been improved to capture the acoustic wave
propagation through the rotor, and the acoustic wave propagating to upstream of the rotor blade row has been

captured.
Key words: Fan noise, Aeroacoustics, CFD
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Characteristics of Radial Inward-Turbines for Exhaust Gas Turbochargers
under Pulsating Flow Conditions
(The Effect of Waveforms of Pulsation)

*Daiki HAMA , Keiji KONISHI and Shinichi TASHIRO

ABSTRACT
The influence of the waveform of pulsation pressure included inflow to the radial exhaust gas turbine was experimentalty
studied. Some quantification methods for assess the waveform which affect characteristics of turbine are proposed. Those
are extraction of lower modes of pulsation based on DFT analysis. As results of this study, the effects of waveform are
restricted to cases where both the mass flux of flow and the amplitude of pressure pulse are large. Especially a period of

high pressure and that of descent of pressure in a cycle are most important.
Key words: Pulsating Flow, Quantification of the wave form, DFT analysis
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Controt of Non-uniform Flow and Shock Wave in Supersonic
Internal Flow of Aircraft Engine

* Toshinori WATANABE (Univ. of Tokyo), Hidenori BEN*1 (School of Engineering, Univ. of Tokyo),
Ayumi MAMADA (School of Engineering, Univ. of Tokyo), Seiji UZAWA (Univ. of Tokyo)

ABSTRACT
In scramjet engine duct with side-wall compression intet, non-uniform flow field is known to appear due to

the interaction between thick boundary layer from fore-body surface and the internal main flow as well as shock

waves. The boundary layer may be separated in the duct. The non-uniform flow is accompanied with a low

Mach number and low pressure region, and the region likely to enhance un-start transition of the engine since

the low Mach number region acts as a communication path between isolator and combustor. In the present study,
the three-dimensional supersonic flow field in the inlet and isolator duct of a supersonic engine was numerically
simulated, and the generation mechanism of the non-uniform flow ficld was studied in detail. Effect of flow

suction from body sidewall surface on the non-uniform flow field was numerically examined. The suction effect

on un-start transition was also experimentally studied, and favorable effect was revealed.

Key words: Scramjet Engine, Internal Flow, Un-start, Boundary-Layer Suction
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Effect of Periodic Wake Passing upon Flat-Plate Boundary Layers
under the influence of adverse Pressure Gradients

* Eitaro KQYABU (SOPHIA Univ.), Ken-ichi FUNAZAKT (IWATE Univ.) and
Tetsuhiro TSUKIJT (SOPHIA Univ)

ABSTRACT

The purpose of this study is to investigate experimentally how factors affect the transitional
behavior of the boundary layer on the blade. This paper deals with the effects of three factors:
periodic wake passing’ free-stream turbulence; pressure gradients. The flow fields on the blade
change from an accelerating flow to a decelerating flow. Especially, there are few research
examples about the effect of the periodic wake passing through the deceleration flow field on the
blade. Then precise experiments are demanded by many researchers. Wake-affected boundary
layer bypass transition was evaluated wusing a Hot-Wire Anemometer to get the
ensemble-averaged velocity and intermittency factor from the raw velocity data under the

ifluence of adverse Pressure Gradients.

Key words: Boundary Layer Transition, Periodic Wake, Adverse Pressure Gradients, Free Stream Turbulence,

and Intermittency factor
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Potential flow normal to a circular cone

—An analytical solution with special function—
Hisao FUTAMURA(JAXA)

ABSTRACT
As a basic flow pattern, axisymmetric potential flow of a circular cone is solved for an analytical solution

with a special functions.

Key words: Potential flow, Conical flow, Special function, Legendte polynomial, associated Legendre function
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A Numerical Simulation of Flow around the Blades for Windmill

by the Vortex Method
*Takanori HIRANO(Takushoku Univ.), Susumu ISHII(Nihon Univ.),
Masaaki HIRAMOTO(Nihon Univ.), Hideo TANAKA(Emeritus Professor of Univ. of Tokyo)
and Ichiro FUJIMOTO(Takushoku Univ.)

ABSTRACT
Last year, the authors performed an experimental study on the aerodynamic characteristics of a notched wing

and confirmed that the notched wing is useful to improve the starting characteristics of a wind turbine?,

In order to examine the aspects of flow around a normal airfoil and a notched airfoil, we carried out a

numerical simulation by a vortex method. In addition, a flow around a wind turbine with four wings was

examined numerically to examine the effect of setting angle.
Key words: Wind turbine, Notched wing, Aerodynamic characteristics, Vortex method, Numerical simulation
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Numerical Simulation of Separation Bubble on a LP Turbine

*Kazutoyo YAMADA, Ken-ichi FUNAZAKI and Yasuhiro CHIBA(Iwate University)

ABSTRACT
In this paper, RANS and LES simulations were applied to a flow around Low-Pressure Turbine blade. We

focused on a laminar separation bubble on the blade suction surface, In RANS simulations, some effects of the tur-

bulence model on prediction of the separation bubble were investigated. The results implied that low-Reynolds

number k-w turbulece model had a capability to predict the laminar separation bubble. LES captured the roll up of

the separated shear due to K-H instability. Consequently, it would be utilized to analyze in detail the unsteady flow

field around the separation bubble on LP turbines.

Key words : Low-Pressure Turbine, laminar separation bubble, transition, RANS, LES
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Aerodynamic consideration in Jet VTOL aircraft lift fan
*Toshimasa SHIRATORI(TMU), Masahiroc NAKAJIMA(TMIT) and Yoshio SAITO(JAXA)

ABSTRACT
This paper performs a numerical analysis of the throughflow on a lift fan as a two-dimensional
axisymmetrical flow. The treated case is a flow in the Lift Fan Engine of JAXA’s conceptual Jet

VTOL aircraft.

Based on the last report which studied rotor work input patterns, fan

diameterss, fan rotational speeds to lower the tip Mach number, a selected design point with
under these conditions (radius 1.25m, rotational speed 1600rpm and a selected total temperature
distribution) is treated and off-design point performances are studied under same blade

conditons.

Key words: VTOL, Lift far, Through flow analysis, off-design performance
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Prototyping of Ultra Micro Two-Stage Centrifugal Compressor
Toshiyuki Hirano, *Dai Ishikawa, Takaaki Hagiwara
{Graduate School of Engineering, Hosei Univ.)
Ronglei Gu, Gaku Minorikawa, Hoshio Tsujita and Shimpei Mizuki
{Department of Mechanical Engineering, Hosei Univ,)

ABSTRACT
A two-stage centrifugal compression system was designed and fabricated. The impellers with the outer diameters of 40 mm,
which were called ten times model of the final target impeller of 4 mm, Wwere designed and tested with and without a guide
vane of the return channel and the effects of the vaneless and vaned diffusers were also examined. Though the designed
rotational speed of 220,000 rpm was required for a single-stage centrifugal compressor, the speed for the two-stage
centrifugal compressor was estimated at 150,000 rpm. The performance tests were carried out at 100,000 rpm. The result
showed that the performance characteristics with the guide vane exhibited the superior characteristics. However, the

difference between the vaned and vaneless diffusers with the guide vane did not appear in the results. At the next step, the

five times model was designed and fabricated. The performance tests were carried out at 120,000 rpm.

Key words: Centrifugal compressor, Multistage, Return channel, Performance characleristics, Visualization
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Fig.l Impeller

Table 1 Specification of impeller
First stage | Second stage |
Inlet diameter [mm) 16 16
Exit diameter fmm] 40 40
Number of blades 15 15
Thickness of blades [mm)] 0.5 0.5
Inlet blade height [mm] 6 6
Exit blade height [mm] 24 1.6
Inlet blade angle jdeg.] 50 30
Exit blade angle [deg.} 30 30
e £:7. 50°
e (,,

|

|

i\

s BEEEE

A

3

|

i unit: mm

|

I

|
z42
066

unit: mm
(b) Diffuser (14blades)
Fig.2 Guide vane and diffuser

Table 2 Specifications of guide vane and vaned

diffuser
Guide vane Diffuser
Inlet diameter [mm) 53 42
Exit diameter [mm] 7 66
Number of blades 8 14
Thickness of blades [mm] 0.5 0.5
Inlet blade height [mm] 27 24
Exit blade height [mm] 27 24
Inlet blade angle {deg.] 30 80
Exit blade angle [deg.] 50 60

Table 3 Combination of guide vane and diffuser

for each type
Return channel Diffuser
type 1 | Without guide vane | Vaneless
type 2 | Without guide vane | Vaned
type 3 | With guide vane Vaneless
type 4 | With guide vane Vaned

—102—
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(a) Without guide vane
Fig7 Flow visualization in return channel

(b) With guide vane
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Table 4 Major dimensions of impeller

First stage Second stage

Inlet diameter [mm) 8 8

Exit diameter [mm] 20 20
Number of blades 15 15
Thickness of blades [mm] 0.25 0.25
Inlet blade height [mm] 3 3

Exit blade height [mm] 1.2 0.8
Inlet blade angle [deg ] 50 50

Exit blade angle [deg.] 30 30

Table 5 The main dimensions of guide vane

Inlet diameter [mm)| 297
Exit diameter [mm] 5.5
Number of blades 8
Thickness of blades [mm] 0.5
Inlet blade height [mm) 1.4
Exit blade height [mm] 14
Inlet blade angle [deg.] 30
Exit blade angle [deg.] 50

Fig.8
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Rotor Speed Effects on Loss Generation and Stall Inception in
Forward-Swept Subsonic Compressor Rotor

*Eiji YOSHIDA,  Kotaro MITSUIWA (Graduate School, Waseda Univ.),
DaiKATO (HI) and Fisuke OUTA (Waseda Univ)

ABSTRACT

The throttle margin of a forward swept blade rotor (swept blade) is considerably higher than that of a radially stacked blade

(radial blade) in a low subsonic operation of A4, ,, =0.3 at the rotating speed of 6000 rpm. Through a CFD study, tip leakage flow loss
that is a major factor for rotating stall onset is found rather weak in compared with the loss in the radial blade. However in the blade
mid span region, a significant loss is generated by a flow separation which is caused by retarded low energy hub flow streaming
upward along the suction surface. Such increased mid span loss is particular to the forward sweep profile and leads a disadvantage of
a static pressure decrease as the stall point is reached.
The CFD analysis is conducted for a high subsonic case of M, =0.7 at the rotating speed of 13000 rpm. At the design flow
operation, the hub flow extends closer to the tip region than the low speed hub flow, but interaction with the tip leakage vortex does
not take place. Compatibly with the passage contraction, axial flow velocity becomes almost unchanged through the blade, and the
pressure-rise exceedes over the low subsonic case. At a low flow operation of the radial blade rotor, interaction between the hub flow
and intensified tip leakage vortex becomes significant inducing a high loss in the tip region. In case of the swept blade, the hub flow
induces a heavy separation of the suction surface flow constituting a lateral vortex in the main flow. However, the tip leakage vortex
is still disunited from the hub flow and the tip flow reversal still remains in a moderate fevel.

Keywords:  Axial compressor, Forward swept blade, Numnerical analysis, Tip leakage and secondary flow loss,
Compressibility effect, Subsonic flow.
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Table 1 Specifications of the cascade geometry (at tip)

Rotor - Stator
Swept Radial

Sweep angle deg 30 0 -
Profile DCA NACAG65
Number of blades 33 56
Chord length  mm 50.18 2547
Solidity 1.47 1.26
Staggerangle deg 60.4 111
Inlet angle deg 67.9 39.0
Exit angle deg 529 -16.7
Camberangle deg 15.0 55.7
Aspect ratio 0.930 1.588
Tip clearance  mm j 0.25,0.5,0.8,1.1 -
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Fig.3 Total-to-total and total-to-static pressure-rise
characteristics obtained by rig test and computation.
Tip clearance: Rig - 0.5% chord / CFD - 0.7% chord
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Fig.4  Effect of rotational speed and flow Mach number at design operation condition on span-wise
distribution of flow velocity averaged over inter-blade pitch and streamfines on suction surface.
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Numerical Investigation of Labyrinth Seal Configuration

— Numerical Optimization of Casing Cavity Position —
* Takao Ohno (TUS), Kazuyuki Toda (CIS) and Makoto Yamamoto (TUS)

ABSTRACT

The decrease of gas leakage flow passing through a rotor shield is one of important issues to

improve the efficiency of a jet engine. Labyrinth seal is a typical device for the purpose. The

pressure drop increase by the complicated flow passage can decrease the leakage flow and thus

improve the efficiency. Therefore, the shape optimization is strongly needed in the design process.

In the present study, we perform the numerical optimization of a labyrinth seal with a casing

cavity, using a k-e turbulence model (i.e. RANS). Investigating the numerical results, the reason

why the obtained shape becomes optimum is numerically clarified.
Key words: Numerical Optimization, Labyrinth Seal, Casing Cavity, Computational Fluid Dynamics
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Numerical Analysis of Rectangular-to-Circular Transition S-shape Duct Flow

*Makoto TSUSHIMA(TOKYO Univ.), Susumu TERAMOTO (TOKYO Univ.)

ABSTRACT

The total pressure distortion of compressor inlet causes engine performance decrement or decreasing of surge

margin. Because of the existence of secondary flow and flow separation, rectangular-to-circular transition S-shape duct

was predicted to have distortion. Therefore designing method of a low distortion rectangular-to-circular transition S-

shape duct is important. In this paper design parameter and design method of rectangular-to-circular transition S-shape

duct was considered. Center line of top plane, bottom plane, side plane and cross-section area was selected as design

parameter. And correlation between those parameter and distortion coefficient was gained from CFD of designed ducts.

Flow separation leads low total pressure region. Therefor flow separation increase distortion. And superscnic flow

causes totai pressure loss. To decrease flow separation and supersonic flow region the curvature near the S-Ducet exit

should be small.
Key words : S-shape Duct, CFD, Bistortion
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Fig. 1.1: Pre-Cooled Turbojet Engine

Table. 2.1: numerical code
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HMEFIL SST EF)L 6]

F LT, BE-AEER S 47 FORFHES 215
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o BE-MEEH S FX 7 FOREHICET R3S
A—RREET 5,

o FRRODNGA—2ERNEE-HOEEESE
H7 P ORREEICDWTREY 5,

o LREDB/EFHEZHWTIESNER-IEER S
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2 RGBS LUBRFE
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KE- WHIBRFIS 5T & T, WYY 2 baREH S
A=, H7 MERERET 5.

2.1 RAROEIH

JAXA THIEINTWAFEI—FR Vv by
YOSFEFY FERRNRE LTHWE, AOBIK
{3 200mmx S0mm OEFE, HORKIZERE 100mm O
AR, AOoduie HOod0E 75mm OEEFD,
(Fig2.1)
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Table. 2.2: flow condition
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Fig. 2.1: Rectangular-to-Circular Transition Duct
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Fig. 3.5: Cross-Section Area of S-Duct
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Fig. 3.2: A Way of A S-Duct Designing
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Fig. 4.1: Mach Contour of SD1
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Fig. 4.3: Mach Contour of SD3
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Table. 4.1: S-Duct

S-Duct No. S sD2 SD3 SD4
M; 0451 | 0446 | 0441 | 0435
P. 0.6625 | 0.6560 | 0.5913 | 0.5658
DCep 0.053 | 0.089 | 032 | 028
A 0.948 | 0938 | 0926 | 0.867
min{Py(60)} | 0936 | 0917 | 0.851 | 0.802
g 0236 | 0238 | 0.237 | 0272

M, - Inlet Mach No.

P, : Exit pressure

DCgp : Distortion Index

Py 1 Average of Total Pressure at Test Plane

Py(60) - Average of Total Pressure at a Sector
{ Center Angle is 60 ° )

g : Dynamic Pressure
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Compressor
tnlet Plane

«—S-Duct Inlet Plane

Fig. 4.2: Mach Contour of SD2
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Inlet Plane

«5-Duct Inlet Plane

Fig. 4.4: Mach Contour of SD4

—5D2

Sp3— 5D4

sD1

Fig. 4.9: The Right Bottom Corner Line of SD1-SD4
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Fig. 4.7. Total Pressure at Compressor Inlet Plane of SD3 Fig. 4.8: Total Pressure at Compressor Inlet Plane of SD4
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Studies on Weigh Reduction of Air-Cooled High-Pressure Turbine Blades

*FUNAZAKI Ken-ichi (Iwate Univ.), OKABE Hidenobu(Sendai NIKON), FUIIWARA Haruki (Iwate
Univ.), NAKAMATA Chiyuki (IHI) and OKITA Yoji (IHI)

ABSTRACT
Despite great success in the development of highly-loaded airfoils for low pressure (LP) turbines, vanes and
blades for high-pressure turbines (HPTs) are still thick and heavy, mainly because of their internal cooling
structure to protect them from the hostile environments. This study is the very first attempt to seek a possibility
of any drastic weight reduction of air-cooled HPT blades. The cross-section of the tested turbine blade in this
study ts developed by scooping out some part of the pressure side of the original turbine. Pneumatic probe
measurcments then reveal aerodynamic characteristics of the linear cascade of the “scooped-out™ blades with no
cooling structure, aiming at clarification of the feasibility of the blades from the viewpoint of the associated
acrodynamic penalty. Numerical simulation is also executed to provide some ideas on acrodynamic as well as

heat transfer characteristics of the scooped-out blades.

Key words: HP Turbine, Measurement, CFD, Cascade Loss, Weight-Reduced Blade
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Abbreviation

ORG Original Blade

HSO Half Scooped-Out Blade

FSO Fully Scooped-Out Blade
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Figure 1 Scooped-out blade (a), its original {b)
and semi-scooped-out blade (¢)

3.2 RMER

B2 AR TR - EREBOBRBA L TT.
Fi, K3 IZIERARYOEXKEE TR, BRI
THOR BELE) »oEREINTVWS. 4R
1, BAIFERSESRREFEBINATWE Ko7
UMBIZHRNV P TREIRTWS. B EiFizhr
B3 5Kz, 3B LR, FTHREUCRME

CBRToHMBAO Ry PR SEPFIIIRITONT

W5, Bilg,rbEAR v PRLRETOx HMH
PERER & 1 ITRT.

3.3 MMAE
EHOEABEOHANZ LI~ A —F 2{E
AL Zoa3—A—2R3BERRZBENT, &
»FARUI—HIZBE L T+30° O TKIEX
TW5S,

4 CFD R#F

CFD #7421, LB =— F CFX10.0 (ANSYS Inc.)
PHEA LA STICHA LEHBEB 2R 410w
3. BAERIZIE, BEME AR 7+ ICEM CFD
10.0 for CFX ZRAWTITo 7. BTEIE&T~%
BEC, REEY RUBEHREBIZLTWS. BF
R, EEEmRoL <oy gizBfge <8 170
FRTHD. rEREo iz, WBERA b
Zuty¥THAS FIELDVIEW 10 (Intelligent
Light) AL TW5, EHLEHERIT, E£F
RKERABEROLBE L F¥—ORBEHRE Y — A
{A1tix3700, Intel Itanium? 1.5GHz 64CPU) T
»5.

|

Figure 2 A schematic of the test apparatus
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Figure 3 Test section

Table 1 Location of measurement slots
SOt NUMDer JLnstance rom e jeading edge [mm| % JOX
30 A0 0216
31 10 0.054
52 47 0.254
53 73 0.427
54 11t 0.600
35 139 0.751
36 167 0.903
57 195 1.054
38 223 1,205

HA 4Ty

IR
1
o

Figure 4 Grid system for the scooped-out blade
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Figure 5 Calculated static pressure distributions
on the three types of test blades
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Figure 6 Calculated streamlines for FSQ blade
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Figure 8 Measured stagnation pressure loss contours for the three cases at the station §7

Figure @ Measured stagnation pressure loss contours for the three cases at the station S8
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Development of System Verification Plant for Advanced Humid Air Turbine
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Ryo AKIYAMA, Hitachi Lid. Power and Industrial Systems R&D Laboratory
Horiguchi 832-2 Hitachinaka-shi Ibaraki-ken

Shinya MARUSHIMA, Shigeo HATAMIYA, Hidefumi ARAKI,

Tomomi KOGANEZAWA, Takanori SHIBATA, Yukinori KATAGIR]

The Advanced Humid Air Turbine {AHAT) system is promising as a high efficiency medium-size gas turbine system. AHAT
system improves the gas turbine thermal efficiency by using high-humidity air , a Water Atomization Cooling (WAC) system and a heat
recovery system without needing a high firing temperature and pressure ratio. The following gas turbine elemental technologies concerning
humidity air have been developed to realize the AHAT system: compressor, turbine blade cooling, and combustor. A system verification
plant that consists of a gas turbine (two-stage radial compressor with pressure ratio 8, two-stage axial turbine, single-can combustor),
recuperator, humidification tower, water recovery system, and other components will be completed in a month. The validation and

performance test begin in October 2006.

Key Words: innovative cycle, gas turbine, humidification air, high efficiency, water recovery
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Fig.7 NOx emissions as function of gas turbine load
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Table 2 Pilot plant design specifications

Ttems Unit Design
Rated output kW 3600
Thermal efficiency %LHV 43
Compressor type — 2-stage radial
Turbine type — 2-stage axial
Pressure ratio - 8
Turbine Speed pm 17800
Generator Speed pm 1500
Inlet Air Flow kg/s 10
Gas Turbine Inlet degC 1180
Temperature
Gas Turbine Exhaust degC 655
Temperature
Fuel - LNG
Air humidity wit% 17.6
NOx Emissions ppm <10

Fig.13 AHAT-pilot plant Installation
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Influence of heating rate on cellulose liquefaction in hot compressed water
Takanart Okamura, Hisayoshi Satoh, Tyoju Fukuhara and Susumu Takahashi (HIT)

ABSTRACT
The effect of heating rate on the liquefaction of a microcrystalline cellulose particle was investigated by using a batch type reactor with a
temperature controller. Experiments were carried out over the temperature range of 443 — 553 K The temperature profile of the heating was
controlled o obtain a proportional relationship with time. Heating rates ranged from 0.0167 — 0.167 KJs. The resulting concentration profiles of
cellulose, oligosaccharides, monosaccharides and pyrolysis products were analyzed using a theoretical medel which considered temperature variation
during the reaction. The calculated results exhibit a reasonable fit to the experimental data. The predicted ceilulose concentration profiles over a wide
range of heating rates indicate that iquefaction of cellulose is affected when the heating rate is below 1 K/s. It is conchuded that consideration of the

heating process is necessary in the modeling of liquefaction when using reactors which can not achieve fast heating,

Key wards: Hot compressed water, heating rate, iquefaction, cellulose, reaction kinetics
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Figure 1. Schematic of batch reactor system
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Study of Gas-turbine System with Chemical Recuperation

—The influence of conversion ratio of carbon with steam on the performance—
*Hirohide Furutam { AIST)

ABSTRACT
The final purpose of this study is the investigation of the ability to increase the
system efficiency by introducing the chemical recuperation for the integrated system of
a low temperature reformer or gasifier and a gas-turbine. In this paper, for the
discussion of theoretical optimum point, the system performances of IGCC system were
calculated under the several conditions of the carbon conversion ratio with steam.
Key words: coal-gasification power generation system, chemical recuperation
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Rafting Test of Single Crystal Superalloy by High Thermal Stress
Using the Burner Rig Test Equipment.

*Masahiro MATSUSHITA, Yoshitaka FUKUYAMA, Yoshiaki FUIISAWA (JAXA)
and Yasuhiro AOKI (IHI)

ABSTRACT
Single crystal superalloy, TMS-138, were tested by only thermal stress at about 1000 degree of maximum

material temperature for 100 cycles and for 1000 cycles (3 minutes heating and 3 second cooling). The result

show that raft stricture under the influence of only thermal stress occurred. This raft stricture developed parallel

to the direction of thermal stress in compression because of a negative lattice misfit crystal designed TMS-138.

Unfortunately, cracks and topologically closed packed (TCP) phases were also caused by 1000 cycle tests.

Although TMS-138 was tending to reduce high-temperature oxidation resistant, the significant improvement of

high-temperature oxidation resistant through the addition of Y or Cr was showed.

Key words: Single Crystal, Superalloy, Thermal Stress, Turbine blade
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Degradation and Cracking Behaviors of Stage 1 Bucket Coating
in 1100°C-class Gas Turbine (Part2)

*Shoko Ito, Yomei Yoshioka, Daizo Saito (Toshiba Corporation)

ABSTRACT
This paper presents the evaluated result of coating cracks on the stage 1 buckets by the investigation with

serviced bucket and numerical simulation. Four kinds of different coatings in the 1100°C-class gas turbines

stage 1 buckets serviced for around 10! hours were investigated with 3-point bend tests at elevated

temperatures. There was found to be very profound relationship between the serviced bucket coating

cracking behaviors and coating ductility of the ductile-to-brittle transition temperatures and the strain-to-

cracking., On the other hand, according to the evaluation of the unsteady thermal stress on the bucket, the

coating cracks can be initiated or propagated as the gas turbine turn to be in the extinction during shut-

down operation.

Key words: Turbine, Coating, Maintenance, Strain-to-cracking, Thermal stress
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Fig.1 Fluorescent penetrant inspection results of
serviced bucket coatings up to 38000 hours.
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Development of New TBC System for Advanced Ni-Base Superalloys
*Kazuhide MATSUMOTO, Kyoko KAWAGISHI and Hiroshi HARADA(NIMS)

ABSTRACT
A new TBC system matching for advanced Ni-base single crystal superalloys has been developed. TBC

system has ceramic top layer and metallic bond layer. The new EB-PVD apparatus with 3 unique features for top

coating was developed and YSZ coatings were studied using this apparatus. A new bond coating “EQ coating”

designed to be in thermodynamic equilibrium with the Ni-base superalloy substrate has been proposed. EQ

coating based on ¥ and 7’ compositions on the tie line of the base alloy was studied. The results of isothermal

exposure at 1100°C for 300 hours have indicated that minimal interdiffusion occurred and SRZ formation was

suppressed between EQ coating and substrate,

Key words: Thermal barrier coating, Superalloy, Electron-beam physical vapor deposition, Thermodynamic

equilibrium, Diffusion
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Tablel Chemical Compositions (mass%, Ni-bal.) of alloys prepared for this study

alloy Co Cr Mo W Al Ti Ta Hf Re Y
Substrate TMS-82+ 73 4.6 18 8.6 53 05 63 0.09 24
TMS-82+y 10.5 7.6 2.6 10.0 29 0.2 34 003 42
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Fig.6 Cross Sectional Microstructure of (a) AMDRY962 / TMS-82+, (b) TMS-82+ v/ TMS-82+,
(c) TMS-82+ 7’/ TMS-82+ after 300 hours exposure at 1160°C
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Phase-field simulation as a component of a virtual jet engine

*Tomonori KITASHIMA(NIMS), Jincheng WANG (Norhwestern Polytechnical University, China)
Hiroshi HARADA(NIMS), Masac SAKAMOTO(NIMS) and Tadaharu YOKOKAWA(NIMS)

ABSTRACT
Virtual Jet Engine (VIE) has been developed by NIMS and other collaborative companies to evaluate the
rupture lifetime of high-temperature gas turbine blades in the virtual aero engine, thermal efficiency of gas

turbines, CO, emission and so on. VIJE consists of materials simulation and system simulation,

In the

materials simulation, the phase-field simulation was conducted as a component to estimate the microstructure

temporal evolution of Ni-base superalloys, which is the material for high-temperature gas turbine blades. The

Ni-base superalloy is composed of the gamma matrix and gamma prime precipitates.
morphology of gamma prime precipitates affect the creep strength of turbine blades.
to have knowledge about microstructure temporal evolution.

The dispersion and
Therefore, it is important

In this paper, the phase-ficld simulation on

microstructure temporal evolution of a Ni-base superalloy was described.

Key words: Virtual Jet Engine, Ni-base superalloy, Phase-field simulation
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Precise analysis of damaged turbine blades for civil jet engine

*Yutaka KOIZUMI (NIMS), Tomohito KIMURA {(SIT)
Tadaharu YOKOKAWA and Hiroshi Harada (NIMS)

ABSTRACT
Precise analysis of damaged turbine blades for civil jet engine has been done. For actual used

2nd stage blades for PW-4000 series engine, out view inspection, micro structural observation

of blade subsfrate by using the scanning electron microscopy (SEM), analysis of alloying

element distribution change due to oxidation and corrosion by using the electron probe

micro-analyzer (EPMA), etc., have been done. Mechanism of damage caused onto turbine

blades, furthermore, the strategy for the safety operation of the aircraft were discussed.

Key words: PW-4000 series engine, damage, turbine blades, oxidation, corrosion
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Fig.7 SEM micrographs of the alloy after exposure w1th various temperature time conditions.
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Acro-Engine Hot Parts Failure Database

*Ryosaku HASHIMOTO(JAXA), Yoshitaka FUKUYAMA, Hitoshi FUITWARA,
Masahiro MATUSITA, Masahiro HOJO and Motoi KUSE

ABSTRACT
The aero-engine hot parts failure database is being constructed based on the investigation of the parts which

are used and rejected because of failure in domestic airlines. The present database will be helpful for
understanding the deterioration process and damage phenomena of the hot parts of the recent civil high
bypass-ratio jet engines as well as for developing repair and maintenance technologies to reduce maintenance

cost.

Key words; Aero-engines, Blade, Nozzle, Failure, Database
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Development of new fault diagnostic system
*Masaharu KOH{JAXA)

ABSTRACT

To use the measurement data of fransient response of the engine for the study and verification in the state of

the engine's components, we have to solve some serious probrem which lie behind measurement values. This
P

paper proposes a new numerical expression method to solve the porbrems.

Key words: iransient response, probability distribution
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High-Temperature & High-Pressure Combustion Test Facility in JAXA

*Kazuo SHIMODAIRA, Atsushi MAKINO, Hideshi YAMADA, Takeshi YAMAMOTO,
and Shigern HAYASHI (Japan Aerospace Exploration Agency)

ABSTRACT

JAXA AP-7 High-Temperature & High-Pressure Combustion Test Facility is a unique facility that can supply air at
temperatures up to 1000 K and pressures up to 5 MPa. In order to make this facility more attractive and useful in
developing combustors of aero-engines, every effort has been made to increase flow rates of air up to 4.0 kg/s, which is
the triple of the previous performance. A traversing measurement system and a direct monitoring system for
combustion are also equipped in this facility. By virtue of the augmentation of airflow rate, we can meet the
requirement, up to about 2 MPa, for conducting combustion tests of sector combustors, to be installed in the ECO
engine, being aimed for production in the “Research and Development for an Environment-Friendly, Small Aircraft
Engine” project, supervised by the Ministry of Economy, Trade and Industry. Furthermore, this augmentation gives
us an opportunity for developing a low-NOx fuel-injector for the single combustor of the next generation civil
agro-engines, operating under high-pressure ratios. Having finished competitive combustion tests for examining

performance of sector combustions for ECO engines, it is strongly anticipated for this facility to be used in refining the

combustor, to be selected in the competition.

Key words: Combustor test rig, High-pressure, High-temperature, Traversing measurement system, Direct

monitoring system for combustion
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Fig.2 Cross section of the High-Temperature 8 High-Pressure Combustion Test Rig B
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Combustor Bxiu

Fig.5 Movable gas sampling and temp. rakes.
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Combustor Development in TechCLEAN Project

—Multi-sector Combustor Tests Under Practical Conditions—
* Mitsumasa MAKIDA , Hideshi YAMADA, Takeshi YAMAMOTO and Kazuo SHIMODAIRA (JAXA)

ABSTRACT

Series of experimental researches have been conducted te develop a combustor for a small class
aircraft engine (with pressure ratio about 20). Target combustor is required to reduce NOx emissions
below 50% of the I[CAQ CAEP4 standard, with high combustion efficiency over a wide range of
operating conditions. Rich-Lean combustion approach was applied for the design concept, and basic
configurations such as air mass flow distribution were investigated through tubular and rectangular
single-sector combustor tests under atmospheric conditions. Based on the obtained results, 3/16
multi-sector combustors were designed, tested and investigated through combustion tests under high
pressure and temperature conditions. Tuned combustor shown good combustor characteristics such
as low blowout and exit temperature distribution, and also NOx emissions were reduced below 42%
of the ICAO CAEP4 standard. Design process of the combustor and obtained results utilized for the

tuning of the combustor are described in this report.

Key words: Combustor, Rich-Lean combustion, NOx reduction.
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Fuel nozzle
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@) Ignition & blowout tests
under atmospheric condition
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under practical conditions
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atmospheric condition

Combustion air holes

@ Emission tests under
practical conditions

Fig.2 Overview of development process of the combustor.
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Fig.4 Emission characteristics of tubular combustor
L1, L2 and L.3 under atmospheric condition.
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Fig.5 Emission characteristics of single-sector
combustor under practical conditions.

Table.] Emission comparisons in LTO cycle be-
tween single-sector combustor and target level
based on I[CAO CAEP4 standard.

NOx THC CcO
Measured | 44.3% 92.9% 37.8%
Target 50.0% 90.0% 90.0%

Figd (R4 &3 IEERE TR T D E VD
Rich-Lean #)7efEgED EHR &7, E i, LT
EREELOmME2 TS LTFREELE L L3
DRI DN T HERBERIT > 728, Figd (7T L&
HIZ NOx DIERAF CE 5 00 RN
THY, RRFICEESEGIE T LM%, Fig2 @
OERFERBRHOER Y s ¥ —R SR
BUETABRIZII 2 OBEARVEZ L 8 LT,
3.2 LN EY I MRETORRITERE
M AREESR TORB O RBIR LK 25
4y & xf Bl E (L2 E-D & | Fig2 @D EFEHHAR
RER I r 7R REL, =ax

30 100

w
[

T

25 £
N =
-+
% 96 §
220 ®
& £
2 , —_— 94 E
p} 2 -0 LZ:EINOx | E
15 P <0~ L3:EINOx ;____ &
- L2CE | 92
—-L3CE |
10 . ! * 90
20 40 60 80 100

Air fuel ratio

Fig.6 Emission characteristics of single-sector
combustor L2 and L3 under atmospheric condition.
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Fig.8 Testing setup with high-temperature and pres-
sure combustion test facility.
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Fig.10 Photo of traverse measurement in com-
bustion test under idle condition.
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Fig.11 Emission characteristics of multi-sector
combustor MSU1 under practical conditions.
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Fig.12 Photo of 3/16 multi-sector combustor MSU2.
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Fig.13 Transition of emission characteristics of
multi-sector combustor from MSU2-1 to MSU2-3.

Table.2 Emission comparisons in LTO cycle be-
tween multi-sector combustors and target level
based on ICAO CAEP4 standard.

NOx THC CO
MSU2-2 [40.4% 1.2% 38.5%
MSU2-3 [41.0% 1.3% 48.5%
Target 50.0% 90.0% 50.0%
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Research and Development on the 1700°C Class Gas Turbine Combustor
Utilizing Melt-Growth Composite Material

*Kiyoshi Matsumoto,

Yasuhiro Kinoshita(KHI)

ABSTRACT
It is known that Melt-Growth Composite (MGC) material maintains its mechanical strength at room
temperature up to about 2100 K, which is ideal for the high temperature gas turbine. The purpose of the present

study is to develop the innovative cooling structure of the gas turbine combustor liner with MGC material. The

structure of the combustion liner applying to the 1973 K class gas turbine combustor was proposed, and its

structure was estimated by the combustion test. Experimental result showed that the surface temperature

distribution of MGC panel was obtained and MGC panel instalied inside the model sector combustor was

healthy at the condition of 1973 K for the combustion gas temperature, and the sector combustor needed less

cooling air than conventional combustors.
Key words: MGC, Gas Turbine, Combustor
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360 BIERE DSS Bin &2k L/-mR & FREMBIEIOMRE
Wi M2z, P WRGEBARESE). /i)l B, *HP Rl GH E - CEETE)
The development of Premixed oil firing combustor for 360 times DSS operation.

Naoyuki Yamazaki, Yuji Totsuka(East Japan Railway Company)
Atsushi maekawa, *Katsunori Tanaka, Kouichi Nishida(Mitsubishi Heavy Industries)

ABSTRACT

East Japan Railway Company installed M701DA combined cycle unit(196MW) in Kawsaki power plant in
order to supply the electric power source for railway line in 1999, Initial stage of plant operation, premixed
combustor experienced nozzle coking, nozzle tip wear and unstable operation due to the continuous DSS oil
firing circumstances. Design improvement reflected on the field experiences was adopted and the operating
reliability reaches 100%, which established 360times continuous DSS operation record.

The operating experiences and design improvement was described.
Key words: Qil firing, Combustor, DSS, East Japan Railway Company
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Fig. 8 Carbonized Fuel Oil in the Pilot Nozzle Tip
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Development of Flameless Combustor for Low-calorific Fuel

—Investigation by Thermal-Fluid Analysis considering chemical reactions—
*Yoshifumi NAKASHIMA (Univ. of Tokyo), Yudai YAMASAKI (Univ. of Tokyo)
Shigeru HAYASHI (JAXA) and Shigehiko KANEKO (Univ. of Tokyo)

ABSTRACT

This paper describes development of a compact Flameless Combustor for low-calorific fuel. In
order to reduce the size of a combustor, CFD with chemical reactions analysis was adapted to the
combustor developed previously in our laboratory, and the flow field and the reaction field were
clarified. As the result, the following have been understood; The combustor is able to be minimized
if burned gases from previous stage induces the latter stage combustion by utilizing the mixing zone
more effectively; To strengthen the rotation of burned gases is effective in order to promote the
mixing of burned gases and premixed gases. In addition, the fact that it was effective for swirling
flame stabilization of the primary stage with the partition plate because cold air from latier stage

could not flow into the primary stage was confirmed.

Key weords: Combustor, CFD, Flameless Combustion, compact
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G@ Premix gas ingection nozzle
for secondary or tertiary combustion
ik

)] Primary combustion zone
(Premixed combution)}

i \ e e

T \ i
®  Secondary or Tertiary Combustion zone
ﬁ (Flameless Combustion)

L0075 ~ 50291m

Fig. 1 Schematic view of combustor
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Table 2 Inlet Conditions

equivalence ratio aif flow volume, | fuel flow volume,|  velocity, dcnsily.,
g/s gs m/s ke/m’
primary slit [x8] 0.46 1.5 0.040 40.52 0.487
secondary nozzle [x2] 0.4 6.0 0.140 40.00 {45.53) | 0.489
tertiary nozzle  [x2} 0 6.0 0.000 3839 (43.69) | 0.498
dillution hole  [x4] 0 9.0 0.000 57.58 0.498
total 0.143 72 0.600
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Table 3 _Inlet conditions Case 3
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a1 26m i [S6n

(h) Case_3

Fig. 10 CO mass fraction contour

iassm

. .| aif flow volume, | fuel flow volume, velocity, density',
equivalence ratio
g/s gis m/s ke/m’
primary slit [x8] 0.46 1.5 0.040 40.52 0.487
secondary nozzle [x3] 0.4 4.9 0.093 39.99(45.53)| 0.489
tertiary nozzle [x3] 0 4.0 0.000 38.38 {(43.69) | 0.489
dillution hole [=x4] # 0 9.0 0.000 57.58 0,498
total 0.143 72 0.599
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UMGT BB/ RBRBRBRICB T AR aEENA M RTES
BrUBRIBLIZEZ 588

BH EE (0,

WONG SOON FONG (&M KBe), &k

ZHE (BHRR-ERRHER)

Effects of Space Heating Rate on Flame Stability and Heat Loss of

Ultra-Micro Combustor of UMGT

*Takashi SAKURAI (TMU), WONG, Soon Fong (TMIT) and Saburo YUASA (TMU, TMIT)

ABSTRACT

We have developed two types of ultra-micro combustors of UMGT, which are the flat-flame
and swirling-flame combustors. To reveal critical issues for the development of uitra-micro
combustor, the effects of the space heating rate on flame stability and heat ioss of ultra-micro
combustors were examined. At flame stability limits of the flat-flame and swirling-flame
combustors, the relation of SHR~1/r, was satisfied. It was shown that as the size of combustor
decreased, the space heating rate increased to make the flame stable. The heat loss ratio was defined
as the ratio of heat loss from the combustor to heat release rate. Heat loss ratios of the flat-flame and
swirling-flame combustors satisfied a simple relation of HLR~1A7-SHR). The heat loss ratio
increases as the size of the combustor decreases, however this value can be reduced by increasing

the space heating rate of the combustor.

Key words: Ultra-micro combustor, Space heating rate, Flame stability, Heat loss, UMGT
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Fig.1 Schematic of fiat-flame ultra-micro combustor
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Table 1 Configurations of flat-flame and
swirling-flame ultra-micro combustors

Flat-flame Swirling-flame

@10 k1 @20 hl g0 | 0K @20 H2 | @20 k4
d, | 10.5 18.5 18.5 10.5 20 20
d; 5 6 6 5 8 8
h 1 1 2 1 2 4
V., | 0.067 | 0.230 | 0.461 | 0.067 | 0.528 | 1.056
W, 16 50 50 16 50 50
d,: outer diameter [mm}, &;: inner diameter [mm], /:

height [mm], V. combustor volume [em®], W,
corresponding UMGT output power [W]

HOmm ¥4 XOEREIRITH I 16W @ UMGT %

Hy/Air
premixture

Combustion
chamber

Quartz plate  $20

Stainless steel

Fig.2 Schematic of swirling-flame ultra-micro
combustor
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* ¢ 10 i1 flat-flame combustor

" 910 A1 swirling-flame combustor
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(a) $10mm-size ultra-micro combustors
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(b) $20mm-size ultra-micro combustors

Fig.3 Flame stability limits of flat-flame and swirling-flame ultra-micro combustors

EELE O TREFERWET 0.037g/s, HEH
=04 THY, 20mm A XOBRIEEITH S 50w
FIEL, REERKMET 0.15gs, HEH 04
THD. WIEARE 0.15g5 - BITAFREKID
R E R 20m/s TH D, ERIIARE - KK
BEOT TiTot. BBHIEKEREZH Y, 2T0
EEIIRBWTARE/ELADYEIT 04 T—FEE
L7-.

AEBRTITRRREPBEEL, KRLEBRR,

BB RICRIT DB ARE S &2 JE L.

EEMEC IR K 2B (EHF 0.05m) #
JE Y

4. ERERBLUEE
41 REREEREGEBSHTEOMRF

#10mm Y X @ Flat-flame & & Swirling-flame
BURBESS THON I KRAEERR % Fig3@ilr
F. Flat-flame & & Swirling-flame B3 & b 25%
st E LAV TARELEIIER TSI L
MTET. KEETERRERDDERE LTI
HBELBBEBOEZRZT S 2L TE LY,
Flat-flame {33 X U Swirling-flame B Ol 5 & %
TIMEN 001g/s LATICH A T2 &, BEEiIHL
TEBERC L DWAOHENKER L 72 0 IHRIZ
Wi=B. —K, Flat-flame #2285 &5 0.02g/
DHEMT BT HONTHER 03 288X L2 FEH
REEMRREZTT. ZHITRAEREMTH L
TEREESRMINTNE ML, BMERLA
DOERICLAHEADERME L E2TELT

V5. Swirling-flame B4 ZE R E 0.018g/s A 81

ESHEOHEMIIH L TAEREECLELYEH
e icEm <2y, KRZEERIE 2D,
TR EEENREEL T 512 ThD.

Fig.3(b)ik 77 50W £ 48E L 7= 20mm H 4 XD
Flat-flame B! & Swirling-flame BB 25T 5 K
REEMRBE AT, Hl0mm A XOERETEES & Lk
LT, AREERFCHT DEMHTEEDICEL
BT 3.

INLORBRLY, KREERRITEIT 5885
B RIEREERR TR L2 b D% Figd &
7. Figd(ayid Flat-flame RUBREERR, Fig.4(b)id
Swirling-flame THRBEZR O#ER TH 5. BEhiTVF
NHAKB/ERTIREROBRESNHTETRER L T
HY, 1=Vl Vige (22T Vi HEAKE/ERZTRS
[OEERE) Lok

Ty bk EMOmERD kR EERE R
2 EiTlRAt L 5y MIBRBEATRTER & REE
SENITEREMICE L CHRBICELLCE Y, Kp
ORI T L 5T (2) N SHR~ V. SRR L
TWhEEZLND, 7L, ERE»S4NTE
RCH LTS8, Figd TRONDIERRE
0.01g/s LTFICSITABBEVFERIFETHS.
—F, (2) UL SHRr.=Const. L RABZ L L TE,
BT J(m3 Pay b BED, 20O I LI AREER
RIZBWT, »2BEL LOREABBBERIED
EITIIHVETHLIIEZEBERLTWSLEEZLN
D, Bl W TR ORISEICEET 5 & F
HEh, BRLEEHOBRVAEOESICIIBIERL
hEL, Ta R rEREAERBBOBESICIT L
WRELBBENPLELRETHA .

—
—

—211—



. SHR =10.7x7;"%

e g0kl
P20 kI
o@20 k2

[MW /(m ** MPa)]

Space Heating Rate, SHR

107 107 107 1

Residence Time in Combustion Chamber, 7. [s]

(a) Flat-flame combustor

SHR =39xz_ 117

&

“ = Stable flame region
g ' l

g = T
2% R
S = | g

Jun = | 5 =d10h1
=TI LU i TTTTTTUTT ng204k2
< \ :

= : : o $20 h4

10™ 107 107 10" 1

Residence Time in Combustion Chamber, 7, [s]

(b) Swirling-flame combustor
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Effects of Secondary Premixture-injection on Combustion Characteristics of
a Lean Premixed Propane Combustor for 200 W-class gas turbines

* AWANO Ryosuke (TMIT), YUASA Sabure (TMIT, TMU) and SAKURAI Takashi (TMU)

ABSTRACT

For the purpose to develop a propane-fueled micro combustor with high combustion efficiency
and low NOx emission for 200-W output micro gas turbines, a cannular-type lean-premixture micro
combustor was build. A partially premixed pilot flame was set up on the center axis to stabilize a
lean-premixture main flame. In addition, secondary premixture was injected into the combustor
from the combustor wall to improve the combustion efficiency and the NOx emission. Flame
stability limits, exit temperature distributions and exhaust CO and NOx emissions were measured
by varying the following parameters: the overall equivalence ratio, and the equivalence ratio and
injection velocity of the secondary premixture. The flame stability region satisfied the design
operation region of the combustor, and at the overall equivalence ratio of 0.45-0.55, the combustion
efficiency and NOx emission achieved were more than 99.5 % and less than 17 ppm, respectively.

Key words: Micro Combustor, Lean-premixed Combustion, Propane Fuel,
Secondary Premixture-injection, Exhaust Emission
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Combustion Characteristics of an Annular-Type Combustor of a Micro Gas
Turbine

*K atsuhiro MINAKAWA, Saburo YUASA and Takashi SAKURAI{TMU),
Motohide MURAYAMA and Kousuke ISOMURA(IHI)

ABSTRACT
Two burners with a simple structure that the primary air was tangentially supplied from the combustor liner

were built for a propane-fueled annular-type combustor of a several hundreds W-class micro gas turbines. One

tvpe had an orifice in the combustion chamber and another had a step on the liner wall for flame holding. The

flame stability limit, flame shape and combustion efficiency were measured at an inlet air temperature of

200[°C] and atmospheric pressure. A homogeneous premixed flame was formed in the burner with the orifice.

The flame was stable in the range of the equivalence ratio from 0.6 to 0.8 and the length was sufficiently short at

the air flow rate of the design point. The combustion efficiency was around 99.9[%)] at the equivalence ratio of

0.7. However, the combustion characteristics of the burner with the step were insufficient.

Key words:
Micro Gas Turbine
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Five-Hole Pitot Probe Measurements of Swirl Flows
for Gas Turbine Combustor
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ABSTRACT

The swirling jet from the annular duct with swirler vanes has dominant effects on flame stabilization and the

formation of pollutants including NOx in a lean-premixed combustor for gas turbines.

A five-hole Pitot probe

was used to measure the swirling flows from straight and curved wall ducts with single swirler of 35 and 45

degree vane angles (at mid span) and a counter-rotational swirler of 45 degree vane angle. Detailed flow

characteristics both in the main jet and in the recirculation zone have been clearly revealed. The effects of the

geometry of the swirler / duct units are discussed.

Key words: Gas turbine combustor, Swirler, Five-hole Pitot probe, Experimental flow field, Recirculation zone
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2.3 MBAHE

Fig.1 Wind tunnel arrangement
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() Double swirler
/ Straight duct
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(a) Single swirler
/ Straight duct

P Duct P
~ « Ly pun
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J /J N | Ly
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(¢) Single swirler (d) Double swirler
{ Curved duct / Curved duct

Fig.2 Cross-section of swirler / duct unit

Table | Geometric Parameter of swirler / duct unit

Swirler Duct outlet]
Quter Diameter [mmj 76 75
Inner Diameter [mm] 533 51.7
Quter Shrou 27
Length [mm] Hub 18 20

Domain 1T

Fig.3 3-dimensional domain of measurement
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Table 2 Geometrical and measured swirl number

Straight Duct Curved Duct

single double] single {double
35 | 45 @ 45 35 | 45 45
Sy (Measured) | 1.07 1127 | 0.09 |0.66 |0.89 | -0.03
Sy {Geometric) | 0.61 [ 0.87 | -0.05

2 ( —8— Measured (35 deg) ¥
— 56 (35 deg) !

|} —&— Measured (45 deg)

— — S¢ (45 deg) o

v
. 44-0-0—0—0—.-4‘(

26 13 30 32 4 36 38
R [mm]

Fig. 4 Radhal distribution of local swirl.
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L, B—2U =5 O@BEIE, FHi & RLOPR DHHNIRL 2D,
s & OEIC/EAT SRR AN B O ES

RLTEY, BFREBEOMSBEIM 2V THRETHE 3.1.3 gAY TRRD -]

=30 -5 0 15 30 45 60 75

Vz Vi

Main jet

Streamline

Recirculation (a) Single swirler / Straight duct with vanes set at 35 deg.

(b) Single swirler / Straight duct with vanes set at 45 deg.

{c) Double swirler / Straight duct with vanes set at +43 deg,

{d) Single swirter / Curved duct with vanes set at 35 deg.

i
L)

(e} Single swirler / Carved duct with vanes set at 45 deg.

(f)} Double swirler / Curved duct with vanes set at +45 deg.

Fig.5 Flow velocity distribution and instantaneous streamlines expressing jets issued from swerler

of various constitutions.
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(a) Single swirler / Straight duct with swirl angle of 45 deg. R,,~30 mm, §,~0 deg

velocity [m/s]
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& ldeg]

*x
]

- o
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[—4
T
=

|

velocity [m/s]
Woda 2~
-

T
=

b
-

Inner surface
suzrounding
re-circulation

Boundary surface
hetween outer and
inner swirt

Quter surface of
swirling jet

(c) Single swirler / Curved duct with swirl angle of 45
deg. R,./~34 mm, §,,~0, 8 deg

Fig. 6 Stream surface generated by shifting a reference streamline issued from a position R,and 6,
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Numerical Analysis of Droplet Generation due to Oscillatory Jet Instability
in Immiscible Liquid/Liquid Systems

*Chihira INOUE(School of Eng., Univ. of Tokyo),
Toshinori WATANABE(Uriv. of Tokyo) and Takehiro HIMENO(Univ. of Tokyo)

ABSTRACT
Although pinch off has been subjected to numerous studies for more than 100 years, detailed structure inside

liquid jet is still unknown because it is associated with very small length and time scales. In the present study,

three dimensional unsteady simulation of pinch off in immiscible liquid/liquid jet systems was conducted for

understanding the jet structure, Numerical results were compared qualitatively and quantitatively with the

experiment made by Longmire et al. Jet disintegration was properly captured in this simulation. The

disintegration was observed to occur at the fluid element which emerged from the nozzle with the minimum

acceleration. The interfacial tension was revealed to have important effect on the generation mechanism of the

jet.structure.

Key words: Atomization, Pinch off, Jet breakup, Free surface flow, CFD, CIP, Level Set, MARS
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Improvement of Mixing Performance of Fuel/Air Coaxial Nozzles
by Flow Visualization

*Keisuke MIURA (Hitachi), Takeo SAITO, Kazuhito KOYAMA and Hiroshi INOUE

ABSTRACT

The Low NOx combustor for 25MW class gas turbine, which is composed of the burner with a lot
of coaxial fuel/air nozzles, has been developed. This burner is named “Cluster Nozzle Burner”. In
this study, shape of single coaxial fuel/air nozzle was surveyed for mixing performance and pressure
loss. Flow of fuel and air was modeled by water. Visualization tests of single coaxial jet were
carried out by laser light sheet method for evaluating fuel/air mixing. Distributions of fuel
concentration were imaged by detecting Mie scatter from tracer particles, which were mixed in
simulated fuel. As a result of parameter survey, mixing performance was substantially improved by
inserting fuel nozzle into air hole and adding a rib on fuel nozzle tip. Combining this nozzle shape
with air hole whose entrance is tapered, good mixing performance is realized with lower pressure

loss.

Key words: Mixing, Coaxial Nozzle, Combustor, Visualization
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Table 1  Experimental Conditions

Parameter Test Fuel/Air

of Coaxial Nozzle Ratio Test
Ajir Hole Diameter Da({mm) 26 26
Fuel Hole Diameter Dy (mm) 4 4
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Numerical Investigation on Recombustion in Air Injected Reheater

*Tomohito ENOMOTO (Keio Univ.) and Akiko MATSUO(Keio Univ.)

ABSTRACT
Numerical Simulation of recombustion induced by air-injection to flammable gases is conducted. Effects

of the flame holder on total pressure losses is investigated for the non-combustion mode. It is shown that the

flame holder (type 1) offers less losses of total pressure than the cone-shaped flame holder {type 1), regardless of

whether the inlet flow is steady or unsteady. Regarding the computation of the combustion mode, dependence

of air-injection methods upon recombution is considered. Numerical results show that the recombution of fuel

in main streams and the resultant temperature rise result in increase in the performance to purify flammable

gases. Further investigation into air-injection methods is needed to obtain higher purification performance for

practical use.

Key words: Recombustion, Air injected reheater, CFD
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Rotor Vibration of a Micro Gas Turbine on Water Lubricated Bearings
* Kazuyuki YAMAGUCHI, Tomoaki INOUE, Michiyuki TAKAGI(MERL Hitachi),
Tadaharu KISHIBE, Manabu YAGI, Susumu NAKANO(Power & Industnal Systems R&D Lab. Hitachi),
Yasushi HAYASAKA, Manabu SASAKI(HRL Hitachi) and Hiroyuki SHIRATWA(HES)

ABSTRACT
We are developing a prototype of a micro gas turbine that uses water-lubricated bearings to reduce energy loss.

A compressor and the turbine are mounted on an overhanging part of a generator. We measured the rotor

vibration of the prototype and developed a method for predicting rotor vibration. The vibration amplitude of the

prototype was less than 10% of the gap length in a rotor supporting part. The calculated and measured natural

frequencies coincided well not only at critical speeds but also at other rotation speeds. We developed a method

for predicting the vibration amplitude at the design speed by measuring the vibration at low rotation speeds and

extrapolating those measurements for higher speeds. The prediction error was less than 10% of the gap length in

rotor supporting parts.

Key words: Vibration of rotating body, Overhung, Finite element method, Micro gas turbine
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Normalized critical speed I
Mode Folfx Q value
Experiment | Calculation | Experiment| Calculation
1st 0112 0,093 6.456 5.865
2nd 0.202 0.152 7.683 2.502
3rd 0.469 0.451 6.385 461
4th - 1.513 - 28.99
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Test Operation of SmallGas Turbine with Ceramic Components

*Norihiko IKI{AIST), Takahiro INOUE(AIST), Hiro YOSHIDA(AIST), Satoshi SODEPK A(AIST),
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ABSTRACT
To obtain a micro gas turbine with high turbine inlet temperature and efficiency, a series of running tests has

been carried out. J-830 jet engine (Sophia Precision Co., Ltd.) was chosen as a base line machine. The turbine

nozzie and the rotor are replaced to ceramic type. The ceramic nozzle vanes can be instalied on 2 metal disk very

simply. The disk structure enables us to replace blades with various shape and attack angles. The kinetic output

of the exhaust gas of type 3a was 20kW and its efficiency was about 11.5% at 120,000 rpm of the rotating speed.

Preheating of engine and spark ignition enables stable starting with kerosene.
Key words: Micro Gas Turbine, Jet Engine, Ceramic Component, Test Operation
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Table 1  Specifications of baseline J-850 engine
Compressor Singte centrifugal |
Turbine Single radial
Combustion chamber Annular
Maximum thrust 8.0 kgf
Maximum rotor speed 130,000 rpm
Maximum airflow 0.15 kgfsec
Pressure ratio 2.70
Maximum exhaust gas 800 °C
temperature
Fuil Throttle Exhaust Gas 750 °C
Temperature
Law Throttle Exhaust Gas 450 °C
Temperature
Maximum Fuel Consumption 270 cc/min
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Table 2 Prototype engine of micro gas turbine

Criginal Type 1 Type 2 Type 3 Type 3a Type 4
Turbine Rotor Inconed Ceramic Ceramic Ceramic Ceramic Ceramic
JubineNozzle | Inconet ____; | Inconel | Ceramic_ | Ceramic_ | Ceramic __j Ceramic __
Relation of Casing and Vane Integrated | Integrated | Separated | Separated | Separated | Separated
Joint of Combustor and Turbine
MNozzle e b
Gombustor | Innerside | Innerside | Innerside | Quter side | Outer side | Outside
.TubineNozzle =~ | Quter side | Outer side | Outer side_; Innerside | Inner side | Inner side
Buffer Material between Vanes - Alumina Alumina Alumina Alumina
and Turbine Nozzle Porous Porous Porous Fiber Plate
e e | Plate 1 Plate 1 Plate | ...
Buffer Material between - - -—- Alumina Inconel Inconel
Combustor and Turbine Nozzle Fibers (C-seal) (C-seal)
Engine Control Engine Manual Manuai Manual Manual Engine
Control Unit| Control Control Control Control Control Unit
Test Run (min) - 26 65
Test location Sophia Sophia Sophia Sophia AIST
- Precision Precision Precision Precision
inc. inc. Inc. Inc.
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Research of Cluster Fan VTOL
(A model VTOL airplane engine for VTOL system study)
Yukio MATSUDA, Shiki IWASE, Masashi HARADA, Takeshi TAGASHIRA

ABSTRACT

JAXA —APG are studying a new lift fan type small VTOL aircraft which we called “Cluster Fan VTOL”.
The new VTOL aircraft will be load “Cluster Fan Engine”. The cluster fan engine system employs
conceptually quit new tip turbines as driving mechanism to reduce weight and costs. We are developing the
cluster fan engine and are studying lift fan type VTOL control system simultaneously.

We have a plan to make a model VTOL airplane and flight experience for investigation of the VTOL
stability control system by reaction jet control (RCS). This report describes a model VIOL aircrafi engine
which are comprises model turbojet engine and baby lift fans.

Key words:  lift fan, VTOL, reaction jet control
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Table 1 SIM3000 Specification

Length x Diameter 300mm x 108mm ¢
Weight 1.3kg

Revolution 35,000~ 126,000 rpm
Thrust 0.36~13.5 kef
Exhaust Gas Temp. 650C at Max RPM
Pressure Ratio 2.9:1
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Table 2 Engine Components Efficiency

Components Adiabatic | Mechanical
P Efficiency | Efficiency
Compressor 0.71
Combustor 0.9
Turbine 0.70 0.92
Fan 0.75 0.92
Fan Turbine 0.60
Nozzle 0.9
Fig.6 Engine Cycle Block Diagram
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Table 3 Specification of the Baby Fan
FAN

Rotation Speed 17,200 rpm
Diameter 130 mm
Boss Ratio 0.35
Pressure Ratio 1.03

No. of Rotor Blades 14
No. of Stator Blades 22

Mass Flow (Design.) 1.01 ke/s
Thrust (Design.) 69N (7.0kg)
Tip Turbine

Inlet Total Temp. 873 K
Pressure Ratio 0.83

No. of Blade Blades 30
No. of Stator Blades 17 (Partial)
Mass Flow {Design.) 0.14 kg/s
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Fig. 8 Schematic view of the Baby Fan.
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Table 4 Measurement Parameter

Parameter Sensor
SIM3600 Revolution Magnetic
EGT K
Fan Revolution Optical
QOutlet Temp. K
Exhaust Duct Outer Temp. K
Force XYZ axis Force Force
Sensor
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Development of a Virtual Jet Engine
—Trials for Performance Evaluation in Operation—

Yoshitaka FUKUYAMA, Masahiro MATSUSHITA(Japan Aerospace Exploration Agency)
*Masao ITO, Hidetatsu HIRAKI, Toyoaki YOSHIDA(Tokyo Univ. of Agriculture and Technology)
Tadahiro YOKOKAWA, Hiroshi HARADA (National Institute for Materials Science)

ABSTRACT
The thermal efficiency improvement of the aircraft engine is requested from the viewpoint of decrease of the

environmental load and the operational cost. The Virtual Jet Engine (VIE) is a tool that can evaluate

environmental adaptability for the CO, reduction by new technological development of the engine concept and

the materials. The present VIE is constructed for two spool type turbofan engine. The VIE is targeted for

development of the system that simply designs the engine and evaluates performance by flight simulation. The

overall VIE development work and the results of accuracy evaluation by using the test cell and real flight

records are reported. In addition, the evaluation of the performance deterioration and the environmental changes

in the high pressure turbine by VJE are reported below.

Key words: Acro-engine, Design, Performance analysis, Software system, Benchmarking, New materials

1. FL&HIZ

EgEr LB (IFA) &tk a e, EE#RO
SrzEis A B UERICHEE S h D TEBbRE (CO) ofH
AR OMIT T ZIERIZIT/BE L, 2002EFE AT
B AGRIEBEON4S DU YT 2 EMFBES005
FIATEE LI Z ERSho TS, COOHBRSH% b
sEaL, HERBECE —BIES S 2 ERRE I T
D, L L AR ARER TSR A BT HBEL <
HEETEOROMBATHD Z LMD, SEOHTBE
BRI TR RBBIZRD ES5THD,

HEROBIE{ LA F ot RO LREEE ST 2B
R fhis S & 5EH 2 2 FoBinoBRErE R
ENTWAES, MERCLREBIBRNEALEL SR
TL B, 2O L) 2MENS, HEHORFICATLE
WOEE L ER =2 2 MEEOBEA» DIEE 0
Bhgm EARD LT B,

BRSSP EIBESRTHIEL S — - RISMEIORS
FRZAEBTEEON AT TEA SN HmHAN
R, LiL, AHLEKEREOEMTT P
BFRTCEET A0, #E - 1l - o5 -
AR ERHEEROBRALETHD, DED, L
naR B, SRS LER D —T ¢ SO/ & EICE
PEREA IS EINEE L SIS R OMBLAT TR THE, BIR

BIARY AY - ELEHS
RO, 2006.10, (BLEM)

WREATERENR TV OIERENARCLEROI A S —
CATEO L ICERESRMEI N, £FVATALLT
RSB LOPERE LIZHROHRENRRKD LN TV,

BT U OEER BRI EIEINO, BT
THD0B, CO, BEIC LN DEEEE I EEEN 2
AFOEEBETHO, FORBRT U OMEE R
HAHELLEALEELATHS,

£ ZTHEME T, FHMZHEBRREMEE JAXA)
S ORYDE - MRS (NIMS) AL T Y
a7 R E ST UV BB R k- T CO,H|
Bioetd A BEESHEMEEIT AL Y — A [ H—F
APz y bz ORABEY, BEFMEZ 2 LET
TFoT&l, ZONA—F¥ AV xy b VORI
I, JAXA KBV TIThbNn T 5 EESRE R OWHELIC
# U EER (L. Rk, BBl LoBRIE
B EERREEZITY 7 ez b Tha (7)) -z
VIOVHMOBRE S 2V ) OFREO—RE LTIT
2 TER,

SEEE X HICERMBERIEME R T, YT
OHREDREVE LD T80, BRI BT SHE F0E
EiTot. EbIC, ZOY—ABROBETHLLMEES
{LOFEFe= P rEmBELI BT SERREE{EDOF
MEERLEZOTUTIR#BET 3,

—261—



2. R=FH NIy bPIVDCUDBE

fR—FyrPzy Py (VIE) V) 13, BER
HAE - DEBHT RS — 2 o 38T 2%
R (CO, HIRE) H2HBICHETDH AT LTHS
MEARZ — b M) D& L Kl U 0@
L, BMFE T &b P DBkt L E il
U thRERT I S L E AR E CEICEB TE 5 A7 A
V—NEREEBLTHS, E6IX, ZOV—ARTL I
BIREEE D ORE - EHSOERRETFEENE2ET
i, =7 5 A L EO PR B & OB E -
7 INBEORNEHRREN 2 oD B TE 5,
Ui VIEO#fEEER 7T, =Py RTA0HE -
THRAERT A, —HOET 22— L TEEBR/ AT R
EFRAHELETT D — b= R8T ARSI
AT, BTN PR OREA—BRT — & LS EH
R —%, ZhH, BH., HEHWE, EHE0NHT—
Fl— A Sy R FEoE, BIE U BBERE F OFHIFE A
REd U, SFRoEE LR TS,

3. N—FrAlzy b DO
31 EFRIVCUDERE

BVIEEF 28 —FT7r Py (2808 &
MBIRE L, N—F YV Tho CHLEMEEITV 7
ARERBERERATD, TFALT LU0 &SR
WDL DB ST R BT B e R R R LIS
THIEE LI,

AFED =Dz, BR=F 54 k0 LREERE
UEfT — 7 gt e, Zhic L VIEREERL
IWRERERE L6 Lz, WAEE TIZ. CF6-80C2 48
(B747-400 ) & PW4000-1127#HY (B777H) 28
DEFAT LT ERE L, SF, oY
WL EFEAEEREEFAR UV ERBETSTET
55,

32 EFALIVUUDRE

=P OERERESE, MEEICERSREBCH
B ~ETHHN, ZHIIEBIITETHD, T2
T, LUUEERE () K THEBRHEENET R
FeAF—# 5 ANTEFAT LU B2RET S, B
WIERE LT, PWA000 Ti, RS (N1, N2), %
WE (WF). EEERESH O (PT25,TT25) ., #ERAD
(PT3) . I&EF — {0 (PT49, TT49), A Z7 A + (FN)
5. CF6 TiE. SRS (N1,N2). MAEIGE (WF), &
EF—Er AQEH(PT45) (EE Y — ¥R E (TT45),
AZ A b (FN) B#EESh TV 5,
thbDEEARER MSHERL T, P ER
EEER R LT 7 7 o SIEREERE A1 by & 25 O iERE,
IREEERH NIEE ¥ — S BB AR, AR,

REE L aHER - -V BEFRETS, oY
CEEANEGTHERE LB EOMREFNT L, HillF—
F LTS, O AR EELTEHANTA—F
EE L,

EFAT U RES BT SV inidf iR
LOXPREICD, TIT, o Prilb0x R
FHET 3728, & 3 12 CF6-80C2. [ 4 {2 PW4000-112”
ERT Um0 RRBEORE YR, H
PR CASBOF FEAR 2 T A2 M CHEIE(L LB AES
RZ A b, Y VIE COMTEEL U 0EE R
EER, RERESTL, TOMORIETRLTY
B, RT A L-ULOEEIE CF6 i 77~97%IREE,
PW4000 X 52-98%RRE DT — ¥ 2 H L THEfE/ 1T A
—HEFRRE LI, CF6IZ331F5 NI, N2 & WF OERE
Z4 1%L T CEGT i 10K LT, PW4000 2381F 5 NI,
N2 & WF DIEERET 1. 2% FCEGTII 10K LT TH
BHe NI, N2 b WF OFREENEEE LY LHEERH
ELTWENR, EGTIZEHL TIBETEL L-TWa, =
i, TARAMAF—EREEEL VLB -HT
VMO L XTI ARERRE(HEEELLN
B, FORH, BEREMEIEBWTZRM EO—FEE BT
DITEEHRTH B, '

SELLILRIEREELERBL TV, FRX
T, TR LE VIE #iTic Z oEAx 2 Au
THEEZITV. EVPHERETR 417> T <,

Pratabase
Dutabase for Engine

for Pesig

Ilight Data

7 Heat & y

. Mass Balance / _,"'Aerc!jiyﬂmnic,‘“... Structural Strength,
. - ™= Cooling . .
’ “ Performance .- T e

Fig.1 Virtual Jet Engine Concept

o

| ’ dJh Pressure Compressor

PrEcsUre Compressor

Conceptual High Bypass Ratio Turbofan Enging

Fig.2 Schematic of 2-Spool Turbofan Engine

—262—



P e
" ®ood %o

-1} ]
095
09 -
0.75 0.8 0.85 09 095 ]
R_FN{-)
L1
1.05
N\.’ o =]
z' ! 0 9° ® Fo°Fo° o8Y
0.95
0.9
0.75 0.8 0.85 09 095 1
R_FN(-)
1.1
1.05
E‘: O & AS [+] a o
Bl 1 v 8 %70 o0 o @
=4
0.95
09
0.75 0.8 0.85 09 .95 1
R_FN{()
50
- 25 °
= e o oo °
k= 020 o0 F2v) ?
E\ 0 ¥ o o -X-] o
Qi -]
=25
-50
0.75 0.8 0.85 09 0.95 1
R_FN(-)

Fig.3 Comparison of VJE and Cell Measurements{CF6)

4. 73422 b—a Yy
4.1 BEEELERER

BER=7T FA %5 General Electric #. (CF680C2B)
& Pratt & Whitney #£ (PW4000-1127) 8= 0EHN
BMEEEROZ T A M F—FORBER T, 5FEIL
I T FOV T AEREII D, LvElD
TR BT S ETRE & A o T,

B ZZA VP2 L BER PO TN
A& THDIRE, [Eh, EHEE L EESREE (ND
F-BHEEHHETERL,

BATRRO—HE LT CF6 OEBE (G, PW4000
OEER P OTRRBRER S, 61077,

11
z o
z | - - oF
m|
09
0.8
04 0.6 08 1
R FN()
12
1.1
g1 - - L
m|
0.9
08 s
04 06 08 1
R_FN()
12
1.1
o -
5 ¥ 3 3
o
09
08
04 06 038 1
R_FN()
60
40
o~ o]
L 20 Y ° 3
= Py o o
2 0 [ -] ]
Al 20 & @0
40
60
04 06 0.8 1
R FN()

Fig.4 Comparison of VJE and Cell Measurements(PW4000)

42 754 bEEOFHD

B 5, 6 b, 2 THMEEMFRE, ftaicmiTeES T
YIOVEHRENBEES FNENIRY, VIEBETEY
BHRTTY, Fo. TV CARMELS . BEHERLE
WETERD S o b—1ia I EEEIE LT,

B — AOEMC LT HEEE, LR, KHLoBERIC
BTz REBODEEYR<BERL TS ILEN
by, VIE SEMBEOT L e OFHIT S
ROHMEROHETEFERL LTHETHL Z L8035,
EHIEHCREOE(LEER T, SEETT
D ARNERBIIEALBEEMASI IR, EEE
OEFERL Y BRES ER T,

—263—



s 12
WE(FLT) 10
@5 18 E
g ®  WF(VIE) 1o €
= — AT =
S 14 3
03 12
1o
0 . . 2
0 | 2 3 4 5 6
FLIGHT TIME (h)
14
12
10
LIC)
EGT(FLT) 6 :‘j
&  EGT(VIE) 42
12
0
2

FLIGHT TIME (h)

Fig.5 Comparison of VIE and Flight Records(GI)

43 FRIZET 2 HHRRTE

X 5.6 OEMNT FRAREN L O EOE VS
RO, WF OEZERES L. EMREOTRIME
REAHE L, P hicEnifboaibo
e LTH, MUK TRBMCRATH A DT
FNERIRBH 2EEEMEW IR ERELI LS,
ZT. B 7 CFe DEEER (G XERR (GD) 2
AR E N OBE, [ 8T PWA00 DEER (PD
EERE (PD) BT 2B BHEREOBMRE SR L, B
IR UM TOITEIIRBITS 754 bF—# L VIEIZ
EBBBRIE, SREPEYOZ T MBI AETIA
b7—% L VIEIL L DEHERIEOBEEZ TR LI-L DT
D,

B UBETRMMICRA TR PR LT, A
CEHROTE &L B0 OB OBMRIIT < TR OB
FLICHERRED I TH LN, B UBRETLRECH
E. EHEE A X OB OB OPRIBEORBELD S
BT LHITE LED ORBMEN BT D LIZR 642,

IO VRO L 0 N ENCERENET
T iz CF6 & PW4000 @ P %4, “HEb, =
DT PO LOEIHEEMCERE THALZ LHE
2B, 2FN, BOLISELSERHLTH, TV
YIBRENEREREOBROERFOTWA L LEERLTWA,
ZOHEODEWVIIREXTH SUBREHB LA ZOKR
hhbnd, LibLl, ZOBRZRT P -OMEDEL
ERILLZELOERZTIN TV AED, =V rBfF
DOHEEEOBVH EORERONPZORLLB<BZ 1T
Ty, ZORESERCXRE, ST MR
Ph L VIEMEMBEICBTT VR EET DY
—WE LTERTES:EZ26N5,

45 12
'

35 WF(FLT) 10
= 3 18 -
2,5 *  WFRVIE) 3
E, 3 — A LT 16 :
=5 {4 4

1
0.5 12
0 0
o s 10 15
FLIGHT TIME (h)
1000 12
800 10
e *z
G100 «———EGT(FLT) .-
e  EGT(VIE) 4=
200 | e——— A LT 2
0 0
0 s 10 1s
FLIGHT TIME (h)
Fig.6 Comparison of VJE and Flight Records(PI)
110 , : -
P-value = 2.7x10” e
1.08 7
/l
I’,
o L06 =13
[-T: rd
BI of
e 1.04 g1
IO
’ o Gl
7’
1.02 <0 o GD
2 ————Linear
- I
1.00
1.00 1.02 1.04 1.06 1.08 110
R_WF, (-)
Fig.7 Comparison of GI and GD WF Ratio
1.04 I I g
P-value = 2.6x10” S
102 -
//,
= 1.00 9,-’ <
!
= | &
o 098 o am
‘ o Pt
o © PD
0.96 —C o
/ =-=—-Linear
/"/ i
0.94 -
0.94 0.96 0.98 1.00 1.02 1.04
R_WF, (-}

Fig.8 Comparison of PI and PD WF Ratic

—264—



44 H&EPRBE DT

VIE THEAT Lin B o U BRSO E IR IE DL
oW TF T 2 LT, BENOaERnEEY —
VEIZOWTHEHBRLE, RESHThIRESF—CH
OFFABRETLAEETE T, VWoF0RF - RIS
EMPEIONETEETEL EELONRD,

B 7z CF6., E 8IZ PWA0D0 DEIE ¥ — P Rizki
HiEAREELO—FERT, BRICHLTELS
(N29) LBt onBRiL (Tag: BEF — U BIRA DIRE) .
UG A) (T4p-T3, T3 HRBEEZANIEED) & LTED (A),
B} (oL, BREICH LTSS (P4 BEF—
EARQED) . HEOBL (Tdy: BIEY — Y H#RA
THERE) . BUGH (T4-T3) ELTZhboBEEERED

‘% 12 ~ |
%  Heor Take Oif:\‘n i
& * GD 2
% 0.8 Cruise ..;® \
= 06 o |
-3 e Max Climb
E04 T —p 2 Gl
5021 > gD
0 1 It 1 1 1 H
(A) 0 0.2 0.4 0.6 0.8 1 1.2
Oxidation Ratio T4y
?:2, 1.2
E‘- 1 He G
808 GD o,ﬁ
=] ]
= 0.6 s
< -]
& 04
E 02
o
0 ! . . .
(B) 0 0.2 0.4 0.6 08 I 1.2
Thermal Stress Ratio T4p-T3
s 127 - e
g 1 [ear Take Oﬂ‘:\—-—- =
£ g [L2OD o
g Climb . %
= 06
=] :
3 0.2 SO Nl :
m o L .
1 ] Cn‘}ise ]
0
(C) 1] 0.2 0.4 0.6 0.8 1 1.2
Oxidation Ratio, T4,
z 12
£ 1 []=GI ’
o
=4 Lo GD a
= 0.8 @
"
=z 06 3
2 &
g o i 9
& 02 ——
0 H 1 1 1 —
Dy o 02 04 06 08 I 1.2

Thermal Stress Ratio T4,-T3

Fig.9 High Pressure Turbine Environmental Changes (CF6)

(©, (D) WAL, EofEi BF ERR L EERIC
MTARBECHFL BREEBEROS—R BB LI,
B & 5R Tl IS NSV ES TR L. &
HEBERCARL ME R R L TWA Z End, BEFCb- &b
BERKENENDZ LMD, —F, BRTIIERER
TV BERRERIZ AT DS R & W, Z AU EIRR & ERRE T,
BB OBE OBV L D BEERFICE DX T R RIS
WixalomES - R IAMNICGEVELE L
Zxbhd, UL, 2FNICITARIC L D K& EN
RTBNnI edb, BEF—EVRIIIDDATR
Erg, BEROBWCIERL, EBitREIC L TRE
CHERENAZOTHAVWMEFEENE, ZhiZonT
WS B TAVBCE R L SRR L T,

1.2

iy .
E— e Pl Take O\f{‘
& ° PD -
§ 08 Cruise i @ .- " N
0.6 -
nmn Max Chmb
204 —» 0 2
£02F --»:PD
1] f
0 1 L 1 1 i
(A) 0 02 04 06 08 1 1.2
Oxidation Ratio, T4,
212
g
g 1 ep =
§ 08 e PD - J
<
0.6
s
2 0.4
=
£ 0.2
[
0 . . \ .
(B) 0 02 04 06 08 ! )
Thermal Stress Ratio, T4g-T3
L 12 7 Toke Off i
2 1 Her CORT—4:
= 0g LLoFD 8 :
= 06 .
204 !
"g H
202
0 L 1 L ]
(9] 0 0.2 04 0.6 0.8 1 12
Oxidation Ratio, T4y
ER! ~’° Pl s
K] * PD 2
= 03
&
= 0.6 o
204 -
-~
3 02 z
@ Y- i
0 . . . j
m ¢ 0.2 0.4 06 08 ] 1.2

Thermal Stress Ratio, T4x-T3

Fig.10 High Pressure Turbine Environmental Changes (PW4(00)

—265—



45 RSO

TV G HERROELER IS P RS BT
THEFMT S0, AT R F—FEOLTOLETERL
Tolo, 2L, MELATRA M E#FT A
TV AHHE SN AMRERR L F— U ERNRE. &
[EdEE B IR ERIEERE A & OELE RO EH TE S,

7 7 > (Fan) . {EEFESEHE (LPC) . MIEEHEHE (HPC) |
MEBESF—EE (HPT1)., ZABESF—v R
(HPT2), EE# — B2 (LPTA) OPELE
NEN NBET LEBEORBESVEEENRSLLT
WAV T B LI TRE L,

B 11 28 CFe MERKR. BEROLETRENR 2 57— A
IRV TEEOHERE 1%ET LIcBE0 SFC oigd
Y, 4E SFC OEEE Bi-OiF, S {LpEoR
BEMICE SRR RIFT I EMB DIl —FEE RN
SA—ETHBSFCHE#RBZ LIz LI,

Ko (A} i, MEmmarlkgiE (SLS) & VIE THE
L 47— AR 1T 5 FHE (FLT-AVG) DR TH 5,
{B) izi4t, VIETHEL-4 ¥ —AICB T SLS &
i1 LLEELE, SFCOEEOEEELTT,

E N pBAEEERER, BE Y — ik~ BIEEHE

0.012

0.01

0.008

0.006

0.004

0.002

o LE
(A) FAN

LPC HPC HPT1 HPT2 LPTA

0.9

1 > .
08 Ab?‘%
u7—;;?4?/ :

0.6
0.5

—+—GDI
04 ' e GD2
03 —--&--(CIl
0.2 --o--- GI2

Variation from SLS

0.1

0 L A 1 L 1
(B) FAN LPC HPC HPT! HPT2 LPTA

Fig.11 Effect of Performance Deterioration to SFC

B EES— T OBEEY 2 — A SFCIC L TR
ERELEZDBLEBDLPRD, TUa—AMELLND
T 1% THDHITHHEL LT, SFC It L THELRIF
TLEBRZNGOEN LN, T, 754 Mo
W BEE Y a—ATREN AL, BEEYa—
ATREENREVEWS . ThPREEERETRLT
Vo, E b, RS EOBEITIENG, BERIZLS
EROBENIZ L~ TEBHALY TRL, =Va—n T
EOBILDOBNRET B ERbhd,

5. BhYIC

Vay bz g2t - el A7 L THE -
FrxAPny hr U ORREUREERM, EiE
FEEiTo¥. VIERZHAWALETATRA N Oz
PoHHTEHI T E W BOTRIERITI LN TE, -
OTAMEZBAVD 2 & CHRS LDOEEBCHAREOL
Iz 2T HIBEMD I ENBHED Z LBbhoT,
i, DUl BN S o R MRS
Thadbtdibhot,

Ak

AIRRO—EIL, Fre ¥ « EEENRORREE
1HOHI6 FEREREMETCERBLZLOTHY £
DIBITHBEEZET

Z2EXMB

1) BILfES, 8§ 33 VR ERRESEERT
£, (2005), pp.131-136.

2) Yoshida,T., et.al, :”Virtual Turbine: Its State of the Art and
Advanced Work in the Project”, 55 2 Bl IRMEHE Y
¥ ¥ b “High Temperature Materials 20017, June, 2001.

3) Saeki,H., et.al, :"Development of a Gas Turbine Design
Program Coupled with an Alloy Design Program — A
Virtual Turbine”, Proc. of the Int. Gas Turbine Congress
2003 Tokyo, Niv., 2003,

4) Yokokawa,T., et.al, :”Develop:_nent of a Virtual Gas Turbine
System for New Alloy Design”, Proc. of the 10" Int. Symp.
on Superalloys 2004, Sept., 2004,

5) Jane’s Aero-Engines Issue Seventeen, Jane’s Information
Group Ltd., UK, 2005

—266—



B—24

ANA VYA OINRETSPD
HERT 2 a1—ILD%EMEE{L

*EILER (RE), WH B (RHE),
i R (FINAR), dil shiE (FHRER)

Multi-Objective Start-up Schedule Optimization System
for a Combined Cycle Power Plant
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ABSTRACT
This paper proposes an intelligent start-up schedule optimization system for a thermal power plant. This

system consists of a dynamic simuliation, a neural network, and an interactive mulii-objective programming
technique. The futures of this system are as follows. (I} The start-up schedule can be optimized based on
multi-objective evaluation and (2) the optimal start-up schedule can be determined with a reasonable computing

time and calculation accuracy through interaction between human beings and computers,
Key words: Power Plant, Optimization, Multi-Objective, Dynamic Simulation, Start-up, Operation
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Fig.5 Application results
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Aircraft Jet Engine’s Dynamic Response in Altitude Test Facility

TAGASHIRA Takeshi, KOH Masaharu, SUGI'Y AMA Nanahisa, MIZUNO Takuya, FUTAMURA Hisao,
TACHIBANA Shigeru, YANAGI Ryoji (Japan Aerospace Exploration Agency)

ABSTRACT

The dynamic response characteristics of single spool turbo jet engine under the high altitude flight condition were acquired

from the frequency responses and step responses tests of the real engine at the altitude test facility. Also, the transfer functions

were estimated by the analytical method, and verified by comparing with the frequency characteristics of the real engine.

Furthermore, it made possible that the dynamic characteristics under any flight envelop could be estimated from the corrected

formed transfer functions.

Key words: Altitude Test, Dynamics, Response, Control, FADEC
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