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Table 1 Nominal composition (wt%) 7

Ni [ Cr | Co |Mo| W | Ta| Nb | Ti | Al | others
MGA1400 | Bal. | 14 | 10 | 15 | 43 | 47 | — | 27 | 4 | C, etc

High Temperature Property
«Creep rupture strength
Fatigue strenth

*Oxidation resistance

Target

Manufacturing cost Manufacturing
*Alloy cost technology
*Casting cost *Casting
*Heat treatment « (Coating)

Fig. 3 Development target of new Ni base SC superalloy®

Fig. 4 Microstructure of MGA1700 by SEM
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Fig. 5 Result of 3-point bending test of mold materials
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Fig. 6 Result of 3-point bending test of core materials
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Fig. 8 Result of solidification simulation (temperature)
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growth simulation
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Before Test After Test

Fig. 10 Outview of casting test
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Fig. 11 Result of Freckle inspection and prediction
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Fig. 12 Result of residual strain calculation
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Fig. 13 Weldability of Ni base superalloy
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Fig.16 Schematic diagram of Thermal barrier concept on TBC
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Fig. 10 Picture of LFW Machine
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Fig. 8 Process of friction welding and sectional view of turbine rotor
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Fig. 14 Rough cutting process
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Table 1 Measurement items of in-process quality control system

System Monitoring object Measurement item Sensor

Monitoring system for | Welding condition
welding condition

Welding current, Electric signal
Welding voltage, Wire
current, Welding speed,
Wire feeding speed

Sensing system for Molten pool, Electrode, | Weld pool shape, CCD camera
molten pool shape Wire, groove electrode position,
Wire position, groove
position

Sensing system for Molten pool of back | Size of molten pool | CCD camera
backbead shape bead Appearance of back
bead surface

Sensing system for Bead
weld bead shape

Bead appearance, Bead | Two CCD cameras (3D)
shape, Surface defect

Sensing system for Welded region Inner defect LUT (Laser Ultrasonic
inner defect Testing)
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Fig.11 Application to rotor welding
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8 Depth of cut mm 1

Fig.12 Machining with ceramic cutting tool for Blade
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Fig.13 Cutting tool for Christmas groove
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Figl4 Water jet cutting for Blade
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Fig.15 Machining experiment with high pressure coolant
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Fig.16 Cutting tools for rotor Christmas groove
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Tool material Carbide
Tool diameter mm 265
No. of teeth 1
Cutting speed m/min 80
Feed speed mm/min 300

Fig17 Machining with oblique edged tool for joint face
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Fig.18 Deep hole drill for Ni base alloy
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Feed speed mm/min 30

Fig.19 Machining for deep hole
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Fig20 Schematic view of helical cutting
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Tool material Carbide
Tool diameter mm 40
No. of teeth 6
Cutting speed m/min 30
Feed speed mm/min 144
Depth of cut mm 4.5

Fig21 Machining with milling cutter for counter boring
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Tool material Carbide
Tool diameter mm 22
No. of teeth 1
Cutting speed m/min 16
Feed speed mm/min 23

Fig.22 Machining with milling cutter for thread
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Fig. 2 Special tool

Fig. 3 Appearance of D300
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Table 1 Specification of D300

. 15,000 min™" HSK-A63
. s 7/24 T —/3#40
e F7 ' a | 20,000 min "HSK-A63
F7 a vk | 30,000 min “HSK-F63
X, YV, Z 300X 500X 350 mm
A bwa—27 | A -120~+120deg
C 360deg
X, Y, Z 60 m/min
REHE | A 45000 deg/min
C 54000 deg/min
X, Y, Z 60 m/min
I A 45000 deg/min
C 54000 deg/min
TF—7 )L ¢ 300 mm
Ty WRYA X ¢ 450 X270 (SR290) mm
TS 120 kg
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Fig. 4 Inertia active control
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Fig. 5 Preparation operation function for high accuracy machining

Fig. 6 Impeller (Dia. 200mm)
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Fig. 7 High pressure and high flow through spindle coolant
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Fig. 8 Control of tool chipping
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Fig.9 Appearance of T1

Fig.l0 Feed axis structure of T1
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Figll Machining sample (Casing)

Table 2 Specification of T1

T A HE T iy 12, 000 min“HSK-A100
X, VY, Z 1500 X 1300 X 2000 mm
A kwr—7 A -110~+45 deg
B 360 deg
X, Y, Z 25 m/min
REOEE | A 3600 deg/min
B 3600 deg/min
X, Y, Z 25 m/min
I B A 3600 deg/min
B 3600 deg/min
F—7 N 1000 X 1000 mm
—_— BRIAX ¢ 1500 X 1500 mm
FHRUE &= 3000 kg
3. MEEs

31 4—E>TJL—FK

T EWE - WP - WAL - 2 ) — TR EElAE
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Fig.12 Principle of VIPER grinding
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Fig.13 Performance of VIPER grinding
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Fig.l4 Machining sample (VIPER grinding)

3.1.2 iGRINDER G5
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Fig.l5 Appearance of iGRINDER G5

Table 3 Specification of iGRINDER G5

. o 12,000 min" HSK-A63
Es A AE 7/24 5340

X, VY, Z 520 X560 X 600 mm
A bw—7 B -90~180 deg

C 360 deg

X, Y, Z 48 m/min
REVHEE | B 16000 deg/min

C 36000 deg/min

X, Y, Z 48 m/min
Gl e B 12000 deg/min

C 36000 deg/min
FT—7) ¢ 250 mm

R A X ¢ 440 X 310 (SR380) mm
7 Pl 120 kg
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Fig.16 Coolant nozzle

Fig.17 Rotary dresser unit
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Fig.20 Automation using robot

Table 4 Specification of N2-5XA

EEL A HE T iy 20,000 min™" HSK-A40
Figl8 Impeller (Dia. 39mm) X, Y, Z 300X 300X 230 mm
A ha—7 A -120~30 deg
4.1.2 T 5EEIEYS =2 2 ZN2-5XA B 360 deg
WA AR 5 i~ > = > 7 & v FN25XA (H19) v 12 m/min
W, F - BRI A2 WRRIC L3 v o8 b B o z 56 m/min
MR ETHD (£4), BRI, B OHH A FEORE 10800 deg/min
FoTBY, 30FOFEMTDH 7V IMLIIE 53R B 54000 deg/min
WHY, WIEHREMNEE > TnE, $72, D X, Y, 7 32 m/min
DI A 10800 deg/min
B 36000 deg/min
F—T N ¢ 200 mm
T RYA X ¢300X270 mm
PR B 30 kg
'1
" - | 5. &8
{f ik LFT MRS L, BEAE D THA A L
G RoTETWA A, 1Hmilhr»rs b=V R
N OBIRERIZR L &3, TEBM A —H & LT,
FASTHY O FR R IR LR O L & AT R
F O ZE FEIHT BR/EDNTE B L)1, HB X O
Fig19 Appearance of N2-5XA THEM O - B %K T,
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Additive Manufacturing, 3D Printer, Laser, Electron Beam, Metal Powder
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Table 1 Additive manufacturing categories

Binder Jetting Liquid bonding agent selectively deposited to join
powder

Material Jetting Droplets of build materials selectively deposited

Powder Bed Fusion Thermal energy selectively fused regions of powder bed

Directed Energy Deposition Focused thermal energy melts materials as deposited

Sheet Lamination Sheet of material bonded together

Vat Photopolymerization Liquid photopolymer selectively cured by light activation

Material Extrusion Material selectively dispended through nozzle or orifice
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(261 B4 (Material Jetting)
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(3B KR (Powder Bed Fusion)
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Fig.1 Powder bed fusion
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Laser S i

Fig. 2 Direct energy deposition

(53— Mk (Sheet Lamination)
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(6))63&TE (Vat Photopolymerization)
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- EKEE (~50um)
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- B A X (250 x 250 X 300 mmFEEE)
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Table 2 Specifications of metal 3D printers

A—=h EOS SLM Concept Laser 3D Systems

£EE M280 SLM280HL M2 ProX300
KR T7AN—L—Y | I7AN—L—F | T7AN—L—F | I7AN—L—%
HAW) 200%F72[%400 400/1000 200F7-[%400 500
E—L%E(um) 100~ 70~120 50~200 -
EERE(m/s) ~17 ~15 ~7 -
BEEYF(um) 20 20~75 20~80 10~100
HEEEE(cm®/h) 20 20~35 2~20 -
B/ RA(mm) | 250x250x325 | 280x280x350 | 250x250x280 | 250x250x300
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Fig. 3 Turbine blade of latest generation with internal
conformal cooling channels to improve performance of
jet engines (By the courtesy of SLM Solutions GmbH)
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AELRTWen, BELNEER LSS ETH S,
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PEIZOoWTIE, T BT = A9RENTWEDIT TR,
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, BTE—2IZEB50 2L MR L TELY

9“57 V&4 (Ti6Al4V, Ti-6Al-4V ELI)

IR @600 MPa : >10™4 7 v

AR NV 2 aaf4 (ASTM F75)

] iz BH L F 9 57 @610 MPa - >1054 1 27 v

Table 3 Mechanical properties of SLMed metal and alloys used
for implant applications (Referred by SLM Solutions
Data Sheet) ©

Metal or Alloy 0.2% Yield strength ~ Tensile strength ~ Elongation Hardness ~ SurfaceRoughness

(MPa) (MPa) (%) (HRC) Re(um)
Ti >180 >290 >20 - 364
Ti-6A-4V >865 >972 >10 373 364
Ti-6AI-7Nb >905 >1020 >10 394 364
Co-Cr-Mo(ASTM F75) >835 >1050 = 35 20+4
316L 525£30 62530 = 237£4HV 384
15-5PH 1050£30 110050 164 32£3 14£2
H13 - 1730 = 54 34x4
Al12Si 211 409 5 105HB 34x4
Inconel 718 858(£120) 1150(£140) 18(£5) ° 30
Inconel 625 40 680 30 - 28
Inconel HX 400 910 35 = 28

Table 4 Mechanical properties of EBMed metal and alloys used
for implant applications (Referred by ARCAM Data

Sheet) ©
Metal or Alloy 0.2% Yield strength Tensile strength  Elongation Hardness SurfaceRoughness
(MPa) (MPa) (%) [G®) Rz(um)
[Ti ASTM grade2 540 570 21 = =
[Ti-6AI-4V 950 1020 14 33
Ti-6AI-4V ELI 930 970 16 34
ICo-Cr-Mo(ASTM F75) 560 960 20 34

Table 5 Mechanical properties of metal and alloys (Referred
by ASM Metals Reference Book & Handbook of
Materials for Medical Devices) ™"

Metal or Alloy 0.2% Yield strength  Tensile strength  Elongation Hardness
(MPa) (MPa) (%) (HRC)
TIASTM grade1 170 240 24
:rlASTM grade2 280 340 20
TIASTM grade3 20 450 18 -
Ti-6A14V Annealed 024 083 14 .
THEAI-4V ELI Annealed 827 896 s 35
THBALTND 795 850 10
Co-Cr-Mo{ASTM F75) 448-517 655-889 -
316L Annealed 170 480 ]
15-5PH He2s 1070 1170 10 a7
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EOEE LV — ¥ — R EE TIE, — IR
FEIE, IRICH X BA%50 ~ 100 umAEFE L Wb Tw 5,
R ¥ 7T v N TR/ £ 20 o mAREE O KE E CHL 2T
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CEBAEZNRE LR EEEEICO VT, Lk
WwL72L912, 6% sE#Eflk, BHEALE X ORRL
RO HNTWD, FHEAk - K LIZoWTiE, £t
BIC X BHEBEHENRLZEINTEBY, 5% ZoJniiE
LDHDEEZOLND, PiET, L= —RETE—20
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T APEMEL ERME LRI E s THRB E, A
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(Digital Imaging and Communications in Medicine)
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Ty MR LN AREE, £05mmPNE T
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SCM‘!NING\ 3D \ CAD DESIGN & \I"F-‘.{_‘.I[.'FS"»IN(_E Q PERATION

MODELING SIMULATION

cT STLdata Solid Works - DMLS
- Scanner - IGES data I-DEAS EBM
(DICOM data) FEA

Fig. 4 An example of AM process in fabrication of implant
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B)=w A VR A TRNTI8, NAT TS L

Fig. 5 SEM image of gas-atomized powder
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net-shape generative manufacturing chains and repair
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BBENCBWTD, b0 Y EES 7T — Vi
2B THEE I D FE IR I 72 805 ) & MEFE T 5 72018,
HIE O H/NMESEFEOF OB EIREZGEH L, 2ELMH
TECE AT INAGE O BLE, - RSO RS I L 72 Z ook e
IR &R E OB AR B OZ AL - Sk AL
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Table 6 Goal of the national project
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ié%—ﬁ-‘%i 500 £50 | CI1,000x 600 5'01?.? A
b_(zrfﬂgfg?ﬁ 250 £50 | [I500 400
b—(gg;%zﬁt 500 £20 | 11,000 600 5.0:1)_72 A
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Fig.1 Functions of CAM

CNC Machine
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Fig. 2 5 axis CNC"
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Set of Cutter;
Drill diameter; 3, 4, 5, 6, 8, 12, 20mm
End-Mill diameter; 8, 10, 12, 20mm

Outer surface

Encemill @10 End-mill G10 Filet feature

Fig. 3 Process planning for manufacturing
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Software for SLA ‘——){ SLA J
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Software for SLM }——) [ SLM

\ 3D Printer /

Fig. 4 Software for 3D printer
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Fig. 5-2 Coordinate of CAD and 3D printer

Fig. 5-3 Rotate 90 degrees in X-axis

Fig. 5-4 Path
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Fig. 5-5 Solid , High density and Low density

Fig. 5-6 Layout

G21 : set units to millimeters
M107

M104 5270 ; set temperature
G28_; home all axes

G1 Z5 FRO00 ; 1ift nozzle

M109 5270 ; wait for temperature to be reached
GI0 ; use absolute coordinates

92 EO

M32 ; use absolute distances for extrusion

G1 F1800.000 E-1.00000

G32_E0
G1 20,500 F7800,000
G X41.188 ¥91.800 F7800.000
G1 E1.00000 F1800.000
G X42.422 Y¥91.309 E1.08384 F1080.000
G] X47.320 Y¥89.709 E1.40823
G] ¥52.296 Y8E.230 E1.73460
G1 X57.203 Y86.880 E2.05838
G] X60.805 Y85.987 E2.29270
1 Y85.642 E2.38415
2 34 535 E2.70756
X72 ¥83.543 E3.03350
Gl ¥75.178 Y83.046 E3.21331
G1 X77.305 Y82.685 E3. a"550
G] ¥82.430 YB1.938 E3.68263
G ¥87.549 Y81.320 E4.00817

21 Yan 2Ne Y21 NNR FA 21409

Fig. 5-7 G code

Table 1 G and M codes for Printer

Movement Codes (G)

GO Rapid motion

Gl Coordinated motion
G4 Dwell

G21 Millimeters as units
G28 Go home

G90 Absolute Positioning
G92 Set an origin offset

Special functions (M)

M101 Turn extruder 1 on forward

M104 Set extruder 1 target temperature
M106 Turn fanon

M107 Turn fan off

M108 Set extruder 1 speed

M201 Turn extruder 2 on forward

M204 Set extruder 2 target temperature
M208 Set extruder 2 speed

EFIIBE) % 100msecf# 155 2 L 2 BT 5, G21
iﬁh%mm WCRET LA TH A, G28 ZEEAY F
%ﬂ‘ ANLEICR T4 CTH Bo GIOIT HERE 2 s fifi 45
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77 v %#0OFF T AG45Th b,
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WKWHHADAMY 7 b = 7 OREREER R T,

(DEBSIER D 4 »R— b+ . CADIEX (CATIA, Pro-
ENGINEER, NX, Solidworks, Autodesk Inventor,
Solidedge, Parasolid, IGES, STEP, IFC, JT), 3D7 7
4 v B A (STL, X3D ,GTS, OBJ, 3DS, NCM, AMF,
3MF, ZPR, PLY, VRML.BINVOX), A J 1 A (SLI,
CLL SLC, SSL, SLM, CLS, USF, CLF) %% %,

(2)F IR DR L 1B18H ; CADRCGCH 2 W iTAF v

oM |
Software for AM ‘, .
Polyjet J
* Import & Export /%
+ Part Edit ( )
SLA
* Part Repair /7‘
- Edit Triangle Mesh ‘ N
- Slice Commander “ SLS J
N

3D Printer

Fig. 6 Application software for Additive Manufacturing
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Fig 7 Refine Triangle Mesh and Smooth Triangles™
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Fig. 9 Layout of parts™
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Figl2 Metal supports®™
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5. Light Weight Structure (LWS)
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Fig.13 Samples of LWS

Figl4 Lightweight structures Unit Library™
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Figl5 Medical Parts of LWS®.®0
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Fig.16 Highly flexible and durable material for 3D Printing:
TPU 92A-1
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9. HEE

IGES; Initial Graphics Exchange Specification
STEP; Standard for the Exchange of Product Model
Data

IFC; Industry Foundation Classes

JT; Jupiter File Format

STL; Surface-Tesselation-Language File

STL (ASCII) ; Surface-Tesselation-Language File
(ASCIID)

STL (color) ; Surface-Tesselation-Language File with
color

X3D; Extensible 3D-ASCII File

X3DB; Extensible 3D-Binary File

GTS; Gnu Tesselated Surfaces File

OB]J; Wave Front OB] File

3DS; Autodesk 3D Modeling Format

NCM; netfabb Compressed Mesh

AMF; Additive Manufactering File

3MF; 3MF Basic Microsoft File

ZPR; Z-Print File

PLY; Stanford Polygon Format

VRML; Virtual Reality Modeling Language
BINVOX; Binary Voxel Format

SLI: Slice Layer Interface (EOS)

CLL Common Layer Interface (EOS)

SLC; SLC File (3D Systems, Arcam)

SSL; Stratasys Layer File (Stratasys)

SLM; SLM Build File (SLM Solutions)

CLS:; Concept Laser Slice File (Concept Laser)
USF; Universal Slice File

CLF; Common Layer File (Arcam)
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Table 1 Classification of three types of powder bed fusion systems

Environment
Inert gas flow Vacuum
SLM EOS Developing
Concept laser Kyusyu Univ.
SLM solutions ASPECT/AIST
Renishaw
3Dsystems
Matsuura Kikai
EBM Arcam
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Fig. 2 Prototype system of selective laser elting system in
vacuum condition. Developped by ALPROT, ASPECT
and AIST®

Vacuum chamber

(b)

Powder

Fig. 1 Kinematic image of Three metal additive
manufacturing system; (a) selective laser melting, (b) Fig.3 Arcam AB Q20 system; commercial an electron beam
electron beam melting, and (c) directed energy deposition. melting equipment.”’
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Fig. 6 Surface roughness of powder bed fusion relate to the
powder size and layer thickness.
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Fig. 7 Products samples®; (a) a surgical implant with porous shell and dense core, (b) a handle for a surgical

instrument with honeycomb structure.
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Fig. 1 Progress in the development of Mitsubishi gas turbine models
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Fig. 2 Transition of the turbine cooling structure (row #1 blade)

[ Gt JE
4L
T L 7-(.1»1.‘%31 ! ‘hﬁl{_/?_'_

P

P et e e =
K R gt ey
7{“11-.*‘@ W g Pt ?‘n‘.%'j_’\ IF N E/)-{/ ‘7 b
b S 4 P JLL 5
-J;ﬁﬁll i ' S A8 £ '( 1 AH frev

1r—b

e RE7 LR = BB LEsk
FrzATh lﬁi‘& /I-f?'l-
& ERY N 1L

Fig. 3 Transition of the turbine cooling structure (row #1 vane)
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Fig. 7 Verification of workability of a casing
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Fig. 9 Scribing jig for welding of turbine vane inserts

3D 7Y EEEY

RS

Fig. 10 Water receiving jig for electrical discharge machining
of turbine vanes

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/13.



442 EERHZAZ—ELIZHT33D T 205EH

BARA X2 —E L FR%

UM TIEIHAAY — L DBEZHER YA 2 ED
WAL THOERLTBY, WIMIZBENTS 3D
) Uy TEBLICEEZITTHL T, 7 a0 —/ VLT
SIE AR A I3 EE T Ok ISR 2 EENE
BYREBELEHKERY, 3DTY VY THEELLBEE
VR R R TC R HE 52 8T, ZJu—n
VTOMEDIHERIZH G LTV,

53 HE - JLECREDEE

WA TRANDOH A Y — ¥ o OfEESP Ry — b
F—DAUTFF U AHFIZIDTY ¥ TER L IR
ZHOTWS (H11, 12)0 #AZ =¥ DX ) M
AR KER LEOATHM T A L3 L <, FA
7 — ¥y ORI %2 W THT 5 2 & THEE o PRE
PEHE LD

Fig. 11 Gas turbine model (M701F type)

Fig. 12 Gas turbine model (M501] type)
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Table 1 Result of thermal properties measurement

Wik BER (W (nK) e U/ (g0K) BB (g/cm3)
i ik 0.907| R 0.77
250°C 0.973| 250°C 0. 957
Ji;f 500°C 0.96| 500 1.01 2,09
ﬁ 1l 750°C 1.033] 750°C 1. 063
; 1000°C 1.193] 1000C 1.193
;‘ iR 0.793|  H ik 0.79
?}5 ~ 250°C 0.83] 250C 0.97
Z 500°C 0.83] 500C 1.053 1.91
& 750°C 0.997] 750°C 1. 183
" 1000°C 1. 143]  1000°C 1.303
L iR ik 0.22  |HiR 0.55
(i L 500°C 0.3] 500C 0.85 1.35
Iz 1000°C 0.38] 1000°C 0.92
;E iR i 0.25| ik 0.49
; ) 500°C 0.36] 500°C 0.78 1.54
hL 1000°C 0.49| 1000C 0.89
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Fig.16 Secondary sintering conditions and the secondary
sintered core
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Study of Optimization Technique Using Taguchi Method for Flow Control Device (FCD)
of Film Cooling

NS wEA!

KAWABATA Hirokazu

ABSTRACT

ity f—! LI P N

FUNAZAKI Ken-ichi NAKATA Ryota

YN HOR™

HORIUCHI Yasuhiro

H)I AN*?

TAGAWA Hisato

This study executes CFD-based and experiment-based optimizations using Taguchi Method to maximize the

performance of flow control device (FCD) for the enhancement of film cooling effectiveness on a flat plate, where two

semi-spheroid-shaped FCDs for each hole are attached on the upstream side of the hole. Film cooling effectiveness

distributions of all test cases with different shapes and arrangements of FCDs created by use of L18 orthogonal

array are obtained from the experiment and RANS (Reynolds-Averaged Navier-Stokes) CFD for the sake of a direct

comparison between CFD-based and experiment-based optimal FCDs. It is found from the comparison that the

control factor levels of optimal FCDs determined by these two approaches coincide each other. The validity of CFD-

based optimization using RANS have been confirmed.

Key words : Turbine, Control, Film cooling, Heat transfer, Optimization

1. [FUBHIC

HAZ—C VAT ANLDEHITAY - DHER 5
EAERALE HEEE LRk % ki b R 2 s ¢
Wb, 4, CFDZE w2k i, mEfkstEEo
KB L - T, EENEY—VELTHWLNS X
o> TETEY, Lee 5MIRANSHENT 2 H VW THED
JUBIRZ el b5 2 812X 0, Wb EMaE7 1 VA
WHOWREMEZRT % EOIEHRE D H 5.

— T, 74 NVLEHORANSIHEN X, LESHHHT %17
IL DR IR I VETEERET S L, mufbic
HAWBEHTEL LTEAENTH 50, FEBHERLE 0D
WEEATREWZ EAMSNTEBY, ERWMLFEMZ1TH
DIZIWEBEADD 2 ODBBIRTH 5%, HE->T, CFDZH
WekEALO B IC OV T, HEICREREZSOSNS
DOWFMiST 2 EPEETHL LEZSNL, CEDH
ROBWEZ -T2 1 EBRE T, SO RY

FifEzft 2013469 A 3 H
BB T 20144 8 H18H
* 1 H"FAF
T020-8551 BT R 4-3-5
* 2 BRH B ERr

WIS 2 DD 5705, Bt FEDOL 3 v 7T
PRI Y, EERTOFBIHE L Wikt Fiko
BIEVEIC DWW CTHGE L 7281308 L O 23SBURTH 5o
AWFETIE, FHEOVWRELZ 74 VAGHHRN
#1734 2 (FCD)® o ik # At %, FEE & CFDO
FZTITH 2Lk, FCOORBBRELZEL L LI,
CEDDAEEEMGE & ik 2o BB ALFEIZIZ S 7 F AV
FEHWTBY, EBRECFDIZFASEMN T > Tw b,
WAL TFEICY FF AV y FEBRINL-01E, HEEWT
VITY XN ERAWTY Y T VEOL LTS
Rzl EFEICH Yy TVEID L, FEBECFD%
FGMTIT) SEDPTREICR 72D TH %,

ELES

A~G HIERNRT

BR SREM LI

DR DR

d S HHLEALE, mm

T DB, K

U : i, m/s

Y ST 7 4V A G HIR R

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/13.



450 BIFXA)y REBWETAVLAHBRWEEINA AORBELFECETIME BEAHXE—E T8

D7 A4V AR ES

n

¢ e N ENYIES

0 CEE kg/m?

RATE

2 s TIRZER,

i DY TF AV Y FOERFS (0=i<18)
opt I RE

w : BETH

0 D ER

2. BTFAVy FEeAWEONZ MRk
ARIFFETIE, 7 ANV AEHRRZN LSS 572D DH
H 1 o el ki o TP RS BE O MeGiE & F20 L T %o
T 4V AGEHOERALIIEARR, B ELD
FHl 2 B 6 72 % H I ol L OAE BEWGEAS LB CTH B &%
ZABHN5%, ZHNOREILTIEY Y TVENE L, M
HEPEMAL LT LE D, F3°C, AWFZETIZIFkmIZE
HIW OB b ORGERGE 2 Eltis 5 2 & % @B,
Wige e LT, HHMNORBELOREERGEZ ATV 5,

2.1 REEHR

RIFZETIE, HETLO LRMNCEY A1 2 FCDEIK
LS e L LT, WHILTFRERD 7 4 v A5 H%h
Ra hE3s-00R#EILEITI. K11Z, wHIL
eIk &, FCDIEIRZ R o ARBFZETH W Z2GHfLId %
HFLEEd (=20mm) OHAMHEGHILTH %, wH
fLotEsta13s°, ko nIEIZ2d, ¥y F133dTH
5o WHHL LRI PFRBAREIROFCDE 1 ¥ v 75
720 2MHELY fH7ze ERSE, K1 IR T Axis 1
WCR->THIFA 2 LT, ANV HMICHEAEL AT
%o MHFDA~GIFELICRTHIMAETTHY, FCD
DA FE SAEIZO THbH, 22T, FCDRELD 23
YOS TEE Lz, 2, SHl#EKETO
SPEEAZEAL L 22, FCDREoT#:%F1L, -15
<z/d<15OHP A SFCDAIF AT Z L DM X 9 (2
T5720Thb, FTHOLA I VI (Re) 13, AT

Cooling hole

Fig.1 FCD and cooling hole geometry

Table 1 Control factors

FCD D7 4 Ly K%

O’ B EIFLALN(O) £ T
T D FCD g
iRl FCD &

FCD O &

FCD O /% Fflig

FCD OfH = f i

Q|m|m|g|a|®| >

KEETA O I RS T D E R % WSS 2 72012
Re=16400& L 72,

2.2 mE{LFE

H 212, KWt k#Ebo FIHZRT, KT
CTIIFCDE Wi b3 5720127 7 F AV y Kz Hw
b0 BT, HIAEIRET & FRERT 2 LISE R K A~E D £
¥, 18EEOFCDIZIK (Case i, 0=i<18) %135, %
D, EBRECFDTHRE (7 4 v AmHIFER) Wix
1w, ZEFLEoREILEEfiT 5. %I, WFETH
LN D K % 1T 5 72,

HIEIEF, REEFOER
L18E R FRAFIYSTIT

v v
PERERE PERERAE
(AR (CFD)
Bof e P 5 iz i
(KER) < (CFD)

Fig. 2 Method of research

#2102, KWK T OKEZ RS, HHIHE T 0K
22V, FCOR+ED Tz &, WHI{L L FCD#E
HEAEEN 72\ X D ICEEE L7z FCDEWHIILASEL 22 %
EIICTAHDIE, FCDAHFAE LM HEEST 500
TRZERETHEREDL0TH D, S5, IO
FCDO~ME (C, D) ##%5THEMICRETE S &
H12L, FCDLZEi#M$ 2 EROHAMERBIELT 5 X
L e ZT7F AV Y FRATIBICERET 5 AN
1%, RE W LI (Blowing Ratio : BR= 02U/ p wUs.) &
L, BR=05, 075, 100 3 5&fFicZE{L&+¥, BRI L
TUNA MEDOEWFCDERZ KT 5. AHFZETIE
HEMEHOGHILICH L CFCDZ#EH L TWwWb 720,
EHIFLI I & Lk L 72Shaped hole X ) &, BRASE <
oo I2BICE HBROHBEES R R-oTLE ). o
T, FCDZ M L 72B2 b W BRTIZFCDO R EAMK
WMLUTLE) WML 57020, SHIEBR% RATR
12952 2T, BRIZHLTHENZ MEDEWFCDIEIR
EWETAHILE LTz, 51T, BRICHLTu/NA b

— 62 —
Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/13.



Vol.42 No.5 2014.9

BYTFAJy RERWETAOIVLARHBRNEIETI N Z0ORECFEICETIHR 451

Table 2 Control factors and levels

Level 1 Level 2 Level 3
A 0.15d 0.05d
B 1.75d 2.0d 2.25d
C 0.35d 0.75d 1.0d
D 0.35d 0.75d 1.0d
E 0.15d 0.3d 0.5d
F 0.15d 0.3d 0.5d
G 0° 7.5° 15°

Fig. 3 Definition of BR
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Fig. 4 Experimental facility
(heat transfer measurement)

Fig. 5 Experimental facility
(aerodynamic measurement)
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Fig. 6 Computational domain
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Fig. 7 Computational grids

Table 3 Number of grids

Number of grids
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Fig. 8 Film cooling effectiveness distribution obtained by
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Table 4 Predicted and confirmed value (experiment)

Predicted value Confirmed value

S/N Popi S/N, Do

opt opt

6.894 0.232 5.929 0.227
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Fig.1l Plots of control factors effects (CFD result)

Table 5 Predicted and confirmed value (CFD)

Predicted value Confirmed value

S/ N opt ¢apt S/ N opt ¢apt
Grid A 12.872 0.345 11.430 0.369
Grid B 8.760 0.313 10.226 0.336
Grid C 12.700 0.350 11.308 0.373
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Improvement of Flat Plate Film Cooling Performance by Flow Control Device

it !

FUNAZAKI Ken-ichi

ABSTRACT

e ERR ! LR
NAKATA Ryota KAWABATA Hirokazu
Wl AN® YN REIRC
TAGAWA Hisato HORIUCHI Yasuhiro

This paper deals with effects of flow control devices (FCDs) on flat plate film cooling. Aiming for improvement

of film effectiveness of discrete cooling holes, a new type of device is invented and patented by the authors. The

performance of base-type FCD applied conventional cylindrical hole is thoroughly investigated and reported in this

study. The cooling hole pitch is an important parameter in this study to explore a possibility of reducing the cooling

air by the application of the FCD. Three hole pitches, 3.0d, 4.5d and 6.0d, are examined, where d is a hole diameter. It

is found that the applied FCDs are quite effective in increasing the film effectiveness.

Key words : High pressure turbine, Film cooling, Flow control
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Fig. 2 Film cooling hole geometries
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Fig. 3 Test model and flow control device

Table 1 Control factors
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Table 2 Combination of cooling hole geometries and FCD

Hole geometry P FCD
C.H._3.0d 3.0d
CH. 4.5d Cylindrical hole 4.5d X
C.H._6.0d 6.0d
S.H._3.0d 3.0d
S.H. 4.5d Shaped hole 4.5d X
S.H. 6.0d 6.0d
C.H. FCD_3.0d 3.0d
C.H.FCD_4.5d Cylindrical hole 4.5d @)
C.H. FCD_6.0d 6.0d
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R. Volino 2 & % i#i (GT-27006, 27013) X, & —¥
YIRNV N ERWTHEINIHAT S ) AV 2 — 7 O
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V=7 1K (GT-26475), L#zdk (GT-26823), %
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TEEh AR & 5 2 Bt DJEMRR I RE~ L2 T 8 (GT-
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FEEANOAREFEE v F - NEV Y T4 T 4 3 KITTFRAS
74 72—WHEH (GT-26487), KV = — MUEKH
DL S 1zl F T o Ak % FCZ Wi o ££ 75 17)IE T
b o 72IRIS5 X ¥ — (slenderness) & FJJHHIARE
OBRERRZD D (GT-26831), KV 2— b= HKfilifit
T HBEORE I A b EFHRRBEIZOWTHELZZDD
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FBICYTFXYETF 4 DET) ¥ OEEN % B2
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FHUAAPZIE R MRE T v 94 v == ) VS TEOR
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TAMAKI Hideaki

WA DA ICE T 2 b0k LTid, 1Rtk
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DOUF Bk A (GT-26949), BrEif& s A, EiEbofrE,
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DD (GT-26849), 4 ¥ XF EtlCERBE I NR—=VI2
Lo TH7 794 Y HgodENETHL L (GT-
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BERB L OBENECEMBEICE L T, &EHE
T 8 D EAEREFIRAL & 74 7 2 —F PN
% FEBEB XL UCFDTHAR72b 0 (GT-25104), AR
HERAT 2 < K & VB MBI MR O PERE & EBhIC
DWVTHRR72H @ (GT-25378, 25365), WM, 4P
WD Z A — THIEHERENERE IS BT T 552 &l % O I 72
HMAEEEWHNZL D (GT-27062), 74 Ly FEERZER
NHINCELE S Z LT, FRICEAMREETZHZ
HIENTELI L (GT-26660) 7 &A%l Sh/z,

AR, WIS OMITICET A b oL LT, JIR
FETA T2—=HFE L VRGO v F ¥ I FEIZONT
BROFERT — 5 2 R—=Z K L72b o (GT-25003),
TN EF 4 72 —FONTEICHN L 2—F— 13 B
W U CBE R WA A & B L 72T 2 47 ) &R, Ik
EHCHENPELZ->TLE) 2L (GT-26985), I
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5.3 W RN & BT

FEERNICEEST Sy ¥ a idloky ¥ a »T45
DD D o 720 WEED 9By ¥ 3 V430 L IZIZRK
72hs, i b EDty ¥a LI IEETETRIVEN %
WA 2, TN 2 &5 L L) EWGITICRE
LC &7z MR 2 & BRINA & OE AR D % < 45
24t 5 5, ENE 8 fF, KRENZ 6, HAIZ3
th, A Fes2M E7T7U8505 11FEwv) K
Bole FEEWCFDEAT - 72W7213330%H 0, 1 ¥
7 ZABASED I — FASEFAED, ARG EHWEL0b
11:dH - 72

JE A BRI CI B R AL BT A F%E % <, §t
B D E & BIZLESRDESIZ X A X 0 £ <
o TWwWhb, DES HWw7:-41& LT, #igRNhiiic
B2 H#HT N ZOMPEOFAE (GT-25150) %, &

THEHE TR, 7 BGER A (GT-27275) DHF%E,

Tl U1 P AR B OB U 2 TR T2 b (GT-25944)
VHIFToNb, LESOFIE LTi, KHEIEEIIBITS
B 0B 2Rz b 0 (GT-27094) 2°H 5%, d
H 5 AURANSD £ flibCB Y, L5BHhiT T i b
OEImIFNIHRNOMZE (GT-25086) =, 74 ¥ F3I W
IRRE CTOMhFRIE MO RN O IE (GT-25609) 7 &
Ao 72 & 512, Time Transformationi: 12 & %25
BB & UGB i U 1 A b o0 IF 08 TR AUEAT (GT-26846)
R, ANI Y MNEGELT 7 VRN OTBEANOEEE
MAL72b 0 (GT-26847), € L T35 4
FHRED O EFE OB 2R /20 0 (GT-25145) 7%«
&, URANSEHEHIZ S HICKHIBAL L T, Harmonic
Balancei: 12 X 2N BITIE, 167 7 v
FEL72b D (GT-25457) %, BBV 77 v 5 dx
WTHEXAEY LERHEARZ Mo 2L o % (GT-
26474) BTSN 5, GPGPUTHHILL /-2 — Mk
% I L5 T DORotor 67O URANSEMT (GT-25502)
bdH ol EFTHETIIIEF A A T— I M NN—IZL D
NGB TOMRED & 72 Wi M 0 % T o if
7% (GT-26491) & BBRZEV, FEMIZREICEHT ALy ¥ 3
¥ T, BIEEARE 3 BEOURANSEANT (GT-25635)
R, OEREA T LY % Time Inclination T3 % Fl v C

izt 201448 H 1 H
* 1 AFRYE L W AT 2 TEFR
T020-8551 W&fili FIH4-3-5

g e

KATO Hiromasa

AL 72b 0 (GT-27097) 23 720 F DD EIE
MPRBE T, 71 7 2 — VRN O URANSE AT
(GT-25862) %, H—IEETo%H (GT-27336) %
HBL2bDbH o7,

¥ — ¥ O IEEF RN TIZKE Y — € v Oif%E
B B o 72o DNSOEHEET %2 KK S & 2 Lo
(GT-25685) &, ZOFLEEFMBPLTLA 2 IV AHUK
k% F 720 %8 (GT-25689) A3 ), DNSIZ & % /¢
FGAM) Y 72 RF T4 L w) FIaME S T Wik 55
B TH DI EIREINT, TOM, 220 BdniE
#RANS, URANS, LESTHN LEBE LKL D
(GT-25828) =, JEMIMZBIEOTA TIZBIT 2 HEHRHE
FIFE N ODNSHEST (GT-25071) 233 - 720 URANSIZ &
BW7E T, FEEFHRABERSUD»EBRICG X 508D
A (GT-25891) %, 2 v %) ¥ 7 ORhE (GT-25524),
WA AN & ETBE EEE Y — ¥ v ORI
N oHd (GT-26071) 7= DL D - 72,

EEY — Y VR TIE, SR 5 ERE -
VN OMETHOIMA (GT-26755) X, 7k 2 #EjE
RIIET NV EHCTRGWEIRE 2 2 b TOIEEE W&
A JERAT & e U 7278 (GT-26043) 38 - 720 F 72,
JERE SR T EOLESIZ BT 5SGSEF NV LT ME D
WEICMYT 2078 (GT-25876) TREIFHEBEROF W
DOEEW G M S iz RERERNT OB & LT,
URANSOf# %2 P T 5 2 LI X Y IEB A 7 — L os&
WIS T A Tk (GT-25582) %, 15B 4 AT & 2
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6. f=ZABIR
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ZEOY Y ¥ a3 vy TlE, ¥ —KEMICRWTHFHIC
% WIRB2168 DI AR SNz TDOHRT, ¥ —K
Kbk, HRME Ry —bCriodFty v a v, Fh

ZIASHE, 148, 8#Mid o720 7 4 WV AU HIBHE A8,

R B A3 &, Z D 2 5B ABIAEE Y G0 %
Wi TH 5,

7 1 IV L SH*

T ANV DEHREAORE 4 W FORBE LT, HE
W (GT-25024), H#Z (GT-26318) WD (GT-
25975) EWISRI LR E M LAKE (GT-26232) 5%
BRIIZEAR SNz SLIBIROIRBELIZE 5 7 4 VA %H
oM EE LT, KILEEDSHEE L 7z ArrowTE IR
SYCEEFLO 1B & FIEMGT > — Bt 3~ o 5 JH 51 A3
a8z, (GT-25774), MiEHFL (GT-25845), SisterdL
(GT-25970, 25971), 7 4 W A{LEIFICE 2NN
HEHRE (GT-25751, 26070), hElml% 5 %2 7234 (GT-
25798) R ENHMEE N2 L—F DT 4 )V AFLIBITE
K2 RE L LH#E S 7227 L — Z RIS X LESH#NT A
EEN, kDI L —F 7 4V AEHENTHLAR100% D
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D b LY F IR AR T6%D 7 1 )V A EHZHHED
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TRV a VB LT IXF VIR SED T 4
VA HIRFRIITEN T 35 Z LA HiE Sz (GT-
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JERIEAT 201448 7 A29H
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T - BEBAIE T8
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%2 SHETEN HMEIEAR  sRErHT

& — REEMIF e S
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v AT o

TAKEISHI Kenichiro
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ARAKI Masato
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Ty b7 —AEHEMP L 2 —FlFL L TELDD
NTWLOTHHTH S (GT-26373) 0
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D HIFEHE CHZER L EHABRIELTBY, 1 V¥
YIVBHITIE, BARSEVSY - VBB EEE L
TeREFLIRAS KT LT, [l o0 528 % LIARGE L 72 51 A
# (GT-26181) *°Race Trackfl CEATZ 2825
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BLiE R fk 4 2 IR T OFHIAS K (GT-25348) %, Lk
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NTHH, SBOERIZEHL72v,

Conjugate Heat Transfer*?

Heat Transfer CommitteeN CHr 721241137, L 7z Track
& LTRT HNHEFE DI LT, WEARERIERICHEH)
HePo A RYT, &R Tid3 -ty ¥a rTlef:
DFEFR TWOW LI LT, FHEDOMAIRY v vk
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HHrHERLTEY, RN THo72 —H)AFr Y
FA RWNRIC LI T, VY-V RREEZZ LS T
BYREBITEOBM F ¥ €7 1 & ZDOBRITEEIE O BEN K

W) R EN OB B % 574 L 72835 (GT-25276) 7 &
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WCTEGEDP SR TV EDH) bV, PhdoliE
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7. RBEDL X ORRELB AR

1. 2fiF

Combustion, Fuel and Emission committee® & ff T
o—fty v avk, 24O RVT A4 ATy T3
Y, 1MEOF 22— M) TSN, TENEFNORY;
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B WKV AT AT V=T
T305-8564 o< IFdEALI-2-1
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2. Bty

2.1 BEOTREMS ST ZOFIEHFE

T RAIRBEC X 2 IENOBE X CTRIEE 2 %
PREBEIRED, WK, REW R &V o BRBEAZEENE DRI
%5 UHIHFEICE L TS L DREMTbNIT,
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BB L UOBRAREEONEFER (GT-25412), TR
B RFEDERME TS 7 XV ALHREE, £, Ik
DB T % FEERNRET (GT-25477), BRIRBABEZR O

RIAREB B IS S BE BT 7V ORGT (GT-25036),

T A AR AT &AL R BEIRE) & o A B B AR
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T REEI W O & LT, WRE Y A S0 dh
TZEA MR (GT-27002), COMEHIIZ & 5 ¥ K] (GT-
25446), 784 @ v FoN—F— (GT-25199, 26715), i
MAEVRBER: (GT-25207), H#Ey v /8 —%iE (GT-25873)
<IVF 7 XV (GT-26164) ~ IV & FR vy kg ss (GT-
25228, 26907), %4LF 4 F (GT-27203) I & % REER
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2.2 HMESH
REIRECTH 2 BREKREEHRER, fk - N1
X AHROEHBE ORI O WTIE, 2. 18128
N7z E 9 IEARL BB L ORI T % LT ZE I
RERWIZERE2ZFEL VTN TWS, —HT, it
KL EHERBROBRIERE LTE, WREKESE
K% v 72Siemenstl 815 ~ 5OMWak i Bigs (GT-
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(GT-25813) CToOREHEAZ SN TBY, FEALIZH
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2.3 BEFREER
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Eddy Simulation) % JH\7-CED#HT 2 BLY $} - 7258 %E
FEHICI0HPL BRI S i, B FIEHTREEEO M) 1 &
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AR (GT-25598), NOxHFHIIC KIFT~ VT XIVEL
B OB (GT-26174), FiRZEX 7 02 71—l
B BHNOxA K (GT-26711), HEh S KICE T % 0 5E
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TLHERIK EMEHT (GT-25008) (ZBE9 2 A bz,
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WETIVICE T AT (GT-27225), AlstomthBREES
RS BT (GT-26053) 7% EDHE’ D - 720 T DA,
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