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Fig. 1 The overall view of geothermal power plant (Mexico)
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Fig. 2 The bird's-eye view of steam turbine and generator for
geothermal power plant
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Fig. 5 Examples for material testing in the actual geothermal
steam environment at geothermal power plant
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(b) ISB of last blade

Fig. 6 Outline of ISB (Integral Shroud Blade) dimension
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(a) Drain ditch type (b) Drain hole type

Fig. 7 Schematic drawings of countermeasure of nozzle drain

Fig. 8 Schematic drawings of drain catcher mechanism
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Table 1 Comparison table of performance and building height
for each exhaust type of turbine
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Fig. 12 The externals of direct contact condenser
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Table 1 Installed geothermal capacity in the world
Nations 2006 2016 Growth | Capacity
(MW) | (MW) frate(%/yr.)|share(*) (%)

1 | USA 2940 | 3596 22 0.3
2 | Philippines 1,978 | 1,929 -02 10.7
3 | Indonesia 850 | 1,590 8.7 2.6
4 | New Zealand 425 971 128 10.0
5 | Italy 811 916 1.3 0.8
6 | Mexico 960 907 -06 1.7
7 | Turkey 28 775 266.8 11
8 | Kenya 167 676 30.5 32.3
9 | Iceland 312 665 113 24.0
10 | Japan 534 544 0.2 0.2
11 | Costa Rica 163 208 28 6.5
12 | El Salvador 195 204 05 131
13 | Nicaragua 78 160 105 12.0
14 | Russia(Kamchatka) 79 32 04 0.0
15 | Papua New Guinea 36 56 5.6 6.3
16 | Guatemala 33 48 45 18
17 | Portugal(The Azores) 16 29 8.1 0.2
18 | Germany <1 27 - 0.0
19 | China 28 27 -04 0.0
20 | France(Guadeloupe) 15 17 1.3 0.0
21 | Ethiopia 7 7 0.0 0.3
22 | Australia <1 2 - 0.0
23 | Austria 1 1 0.0 0.0
24 | Thailand <1 <1 0.0 0.0
25 | Rumania 0 <1 - 0.0
26 | Taiwan 0 <1 - 0.0
Total 9,656 | 13438 39 0.3

(*) Compared with total power generation capacity in 2016

Fig. 2 Overview of geothermal power plant
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Table 2 Materials of geothermal turbine

Parts Materials

Casing Carbon steel plate
1% Cr-MoNiV Steel

Rotor 2% Cr-MoNiV Steel

12% Cr-5% Ni Steel

13% Cr steel

Stationary blade, 16% Cr-4% Ni-CuNb Steel
Moving blade 17-4PH

Ti-6Al-4V

Carbon cast steel
13% Cr cast steel

Stationary blade holder,
Nozzle diaphragm
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Fig. 9 Material test equipment at geothermal site
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Fig. 11 HVOF coating on rotor surface
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Fig. 13 Scale on stationary blade
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Fig. 15 Installation of 147MW turbine
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Fig. 5 Arrangement of VPC heat exchanger
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Table 1 Specification of main diesel engine

Item Specification
Engine type | 6G7T0ME-C9.5
MCR output | 17650 kW
MCR speed 772 min”"
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Fig. 7 General view of VPC system
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Fig. 8 VPC system process flow diagram
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Table 2 Specification of turbine and generator

Equipment Item Specification

Single stage two-phase impulse turbine
Max output 275 kW
Speed at full load | 3640 min™

Shaft seal type| Air pressurized double mechanical seal

Turbine Type

Generator | Type Three phase induction generator
Rated output |290 kW

Speed at full load | 3640 min™

Table 3 Specification of heat exchangers and pump

Equipment Item Specification

VPC heat exchanger | Type| Plate fin type heat exchanger

Condenser Type| Twin-plate type heat exchanger

Circulation pump Type| Single stage vertical axis centrifugal pump
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Fig. 9 VPC operating panel

BRnT, EIZRD 32T 6N 5,
(1) 4N A82F—TF (All Bypass Mode)
FHEBRE%1C, VPCY AT 2 DOFFEBRAR v 7 % #EH)
L, TEEMEARAGEER L2 R %2 7R § o R ko ki)
INA IS AFEF (Bypass Control Valve : BCV) % #%H
LCiinsd (M8, ¥ —v rigBEidsiikET
Y, VPCE L TrEBBEADWIN L 728 4OV F 13,
Bed g RN S AUFHKISI S b,
(2) @% E—F (Normal Mode)
¥ — VY REBRPEEL, MARHEANEEL TWDIR
BEIRT, JHERA Y 71X VIR RO &mPy — L v
ICEAENS,
(3) #3734 782 € —F (Partial Bypass Mode)

5= U RERAREL, MRAEAREDTH D,

VEBYBEAR D —ER AN A 73 2GR 2 ki LTt % IR7E
AT (R8BM), ¥ —C VHiELRHL RV BX LY
FICH ZOEIRE—F LR 5,

VPCY AT LDY —Y L ITHN= v Z eI <,
FHEBEBRERA LT b, MIH, F5EKE 0IBF)E
EASUIHEE 2 B 72, VPCH — ¥ Y IEEMED R
DOPEARFICIE, ¥ -V U REEA HBAE L, EEE
[l AT 8 DB 72 o 7 BE S CTACB% HEIHR AT %,
%P, VPCH — ¥ ¥ i OV =AHE S 58 AR o 8 4% [l 5 54
Z & 3123640 [min'] TH Y, WA ZE S FIHEH
ENTW5, F72, FRBEIRESZ A3 3IRMICHE
"I %o

4. FIAABRRIER
XFRAMIEIRT B FARBI O RE 1 ERBRIF IS, WAL R
EOT 4 — BB THICT, VPCY AT LD
B LR 2 i L 720 Z OREOAMBIGHE % H10IC7R T
SEMOBHENTOREZFHET S X 5 ITVPCY A
T A OERE Bl L7z,

Fe EBRCIE, SIRACAR Y 27 4 2 BIRT LRI,
VPCY A7 A DOMREMERICIMZ, ¥ AT & ORKM - 5
1HIC X D BRI EIRH, B L TR ANERE DN

L AHWER L7 VPCY AT A DOFSERE T HipE
ENTELWD, Ly VLT 4 — BV ERLD
AP L D, MRNTETIRMZ B L 72,
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Fig. 1 Fundamental composition of CAES-G/T

Table 1 Examples of CAES-G/T development

Huntorf | McIntosh | Kamisunagawa

Site (Germany) | (AL, US) (Japan)
Start of Operation 1978 1991 2001
Nominal Power (MW) 290 110 2

Continuous Power
Generation Time (h)

Efficiency (%) 42 56 -

Former Coalpit
& Gum Lining

8 26 35

Air Storage Salt Cavern|Salt Cavern|

Air Pressure (MPa) 48 ~66 | 45~74 40 ~ 80
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Fig. 8 Outer view of the CAES test facility

Table 2 Specifications of the CAES plant

Capacity, Units 167kW, 6 units

Compressor Type 2-Stage Oil-free screw
Nominal Rotation Low Stage : 10,745 rpm
Speed High Stage : 15,153 rpm
Capacity, Units 125kW, 8 units

Expander Type 2-Stage Oil-free screw
Nominal Rotation Low Stage : 10,745 rpm
Speed High Stage : 15,153 rpm
Capacity, Units 305m®, 52 units
Number of Series 4 Series

. . . Inner Dia:: 1,900 mm
Air Tank Dimension Height: 11550 mm
Max. 0.98 MPaG
Operating Pressure | Ordinary Use:
0.3 ~ 093 MPaG

High Temp. Capacity, Unit 8m®, 2 units

Thermal Medea .

Tank Operating Temp. 120 ~ 200 C

Low Temp Capacity, Unit 8m® 2 units

Thermal Medea .

Tank Operating Temp. 30 ~150 C

High Temp. Thermal Medea
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Fig. 2 Typical curves for velocity ratio vs efficiency for impulse
and reaction staging”’
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Application of CHT Analysis to Development of Cooled Turbine Blade
for Industrial Gas Turbine
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With the increase of turbine inlet temperature in recent years, turbine blade cooling requires higher effectiveness

with less amount of cooling air to improve thermal efficiency of industrial gas turbines. It is, therefore, essential to

estimate temperature distribution on the blade surface as accurately as possible in turbine blade cooling design. In this

paper we investigated the applicability of CHT (Conjugate Heat Transfer) analysis for this purpose and its estimation

accuracy was evaluated by comparing with measurement results. The CHT analysis, which utilizes commercial
software STAR-CCM+ with practical mesh size, has been carried out to the first stage turbine blade which has
complex internal cooling passages and plenty of film cooling holes. The investigation reveals that CHT analysis

results agree well with measurement results both qualitatively and quantitatively and the CHT analysis can be applied

to the blade cooling design.

Key words : BEEHI T A7 — ¥ o, ¥ — Y UEHE, A & VIR, FR - B8 SN, Sfax—%
Industrial Gas Turbine, Cooled turbine blades, Metal temperature, Conjugate Heat Transfer, Pyrometer
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Fig. 1 CHT analysis of cooled turbine blade
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Table 1 Characteristic feature of L30A

Type Open cycle 2-shaft
Rated Output 30.1MW

Thermal Efficiency 40.1%

Pressure Ratio 249

EGT 470degC

ISO Conditions; Gear-Box Out; Natural Gas Fuel
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Fig. 3 Conjugate approach"’
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Fig. 4 Computational domain and mesh system
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Fig. 6 Comparison of metal temperature distribution under
different mesh density at Mean
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Table 2 Major specifications of pyrometer system

Measurement Range 600 - 1200 degC
Accuracy +0.5%RD
Spot Size 2mm diameter
at 75mm focal length
Detector InGaAs
Wave Length 16 4m
Sampling Rate 1MHz
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Fig. 11 Metal temperature distribution at Tip
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Fig. 12 Metal temperature distribution by Ho, et al”
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Fig. 13 CHT analysis results of leading edge
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Improvement of Film Cooling Performance by Double Flow Control Devices
—Investigation of Devices Optimum Shape under High Density Ratio—
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This paper describes several attempts to optimize double flow control devices (DFCD), which was invented by

some of the authors for achieving better film cooling performance of gas turbine cooling holes. The device, which
will be referred to as DFCD, is a pair of protrusions with the shape of hemi-spheroid attached to the turbine blade
surface just upstream of each of cooling holes. It has been revealed in the previous studies that the optimized devices

are able to improve film cooling effectiveness dramatically. However DFCD optimization has only been done

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

improvement of device shape and configuration for the use at high density ratio and high blowing ratio conditions. In
order to investigate the film effectiveness at a high density ratio and high blowing ratio, we use CFD and EFD-based
Taguchi Methods to optimize DFCD shape. Then, performance evaluation of the optimum DFCD shape is done from

CFD and EFD.

Key words : Film Cooling, Flow Control, Taguchi-Method, CFD, PSP
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Fig. 1 Control factor (DFCD geometry)

Table 1 Control factor’s level

Control factor Level 1 Level 2 Level 3

A Curvature of fillet 0.05d 0.1d

B Width1 0.2d 0.254 0.3d4

{5 Width2 0.2d 0.25d 0.3d

D Height 0.4d 0.5d 0.6d

E Angle 20[deg.] 25[deg.] 30[deg.]

F Distancel 1.3d 1.4d 1.5d

G Distance2 1.34 144 154

Table 2 L18 orthogonal table
A B C D B E G
casel 0.05d 0.2d 0.2d 0.4d 20[deg.] 1.3d 1.3d
case2 0.05d 0.2d 0.25d 0.5d | 25(deg] 1.4d 1.4d
case3 | 0054 | 02d | 03d | 0.6d |30[deg)| 1.5d 1.5d
cased | 0054 | 0254 | 024 | 04d |25[deg)| 1.4d 1.5d
case5 | 005d | 0254 | 025d | 0.5d |30[deg)| 1.5d 1.3d
case6 | 0054 | 0254 | 03d | 0.6d |20[deg)| 1.3d 1.4d
case7 | 0054 | 03d | 02d | 05d |20fdeg)| 1.5d 1.4d
case8 | 005d | 03d | 025d | 0.6d |25[deg)| 1.3d 1.3d
case9 0.1d 0.3d 0.3d 0.4d | 30[deg] 1.4d 1.5d
casel0 | 01d | 02d | 024 | 0.6d |30[deg)| 1.4d 1.4d
casell 0.1d 0.2d 0.25d 0.4d | 20[deg] 1.5d 1.5d
casel2 | 01d | 02d | 03d | 05d |25fdeg]| 1.3d 1.3d
casel3 0.1d 0.25d 0.2d 0.5d 30[deg.] 1.3d 1.5d
caseld | 0.1d | 0254 | 0254 | 0.6d |20[deg)| 1.4d 1.3d
casels 0.1d 0.25d 0.3d 0.4d | 25[deg] 1.5d 1.4d
casel6 0.1d 0.3d 0.2d 0.6d 25[deg.] 1.5d 1.3d
casel7 0.1d 0.3d 0.25d 0.4d 30(deg.) 1.3d l4d
casel8 | 0.1d | 03d | 03d | 05d |20[deg)| 1.4d 1.5d
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Fig. 2 Computational domain

(a) Overall views
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Fig. 3 Computational grid
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Fig. 4 Wind tunnel for film cooling investigations
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Evaluation of Heat Transfer Performance of Airfoil Heat Exchanger by
Inverse Heat Conduction Method
g 4! e ™! R R
NAKANISHI Hitoshi ITO Yu NAGASAKI Takao
ABSTRACT

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

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

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

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

data were obtained. Then, to estimate air Nusselt number, inverse heat conduction method and the method of least

squares were applied to the experimental data. The computations of inverse heat conduction method, which is a quick

and effective way to estimate heat transfer performance of airfoil heat exchangers, were validated using the results

of the experiments. Finally, these estimates were compared with results obtained through computational thermo-fluid

dynamics, validated by the same experimental results.

Key words : Airfoil heat exchanger, Inverse heat conduction method, Recovery temperature, Nusselt number
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Table 3 Mesh of each domain

Domain Mesh
Compressible air (fluid) 85,258
Airfoil heat exchanger (solid) 44721
Adhesive (solid) 3,764
Five refrigerant tubes (solid) 11,930
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Fig. 7 Comparison of pressure distributions around the airfoil by
NACA experiments and our CTFD for validation
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Fig. 8 Comparison of experimental solid temperatures at
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Fig. 9 Temperature distributions of an airfoil heat exchanger
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Fig. 10 Temperature distributions of an airfoil heat exchanger
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Fig. 1 Photograph of development at Maki factory of YSEC
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Table 1 Specification of NSP engines

NSP3 NSP4
Weight 2900 g 4500 g
Diameter 131 mm 158 mm
Length 281 mm 337 mm
Thrust 17.7 kgf 21.8 kgt

Fig. 3 Cross-section of NSP3
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Fig. 4 Thrust of ultra-micro gas turbine
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Fig. 6 Comparison of power weight ratio of ultra-micro gas
turbines with that of piston engines
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“R&D Experiences of Industrial Gas Turbines”
Tutorial Session : Prof. Toshinori Watanabe (University of Tokyo)
“Aeroelasticity”
Forum 1 : “Alternative Fuel for Gas Turbines”
Forum 2 : “Education and Human Resource Development for Gas Turbines”
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