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#1 EHY—CCEIERST A%

Chord Length (mm) C 55.88
Axial Chord (mm) - Cx 52.53
Inlet Aspect Ratio - H1/C 1.715
Exit Aspect Ratio H2/C 1.818
Pitch Chord Ratio S/C 0.564

Inlet Design Angle (degree) al 38.8
Exit Design Angle (degree) @l -53.9

(b) RANSRHT&ER
(Baldwin-Lomax B EF L)
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%Span  Withbftds DATA %Span
\ /
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50 50 4
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Without bf,df Pt ratio Tt ratio
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Who TOZ LR, EWEBMTICE, IhOMAD
WEEZRTLHIEVAUTRTHE L5,

2.0 With bf+ds
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Equiv. Ratio | Experiment LES RANS
0.58 44.30 38.30 38.20
CcO 0.50 9.70 19.90 26.90
(ppm) 0.42 70.40 41.70 51.50
0.58 41.50 46.40 29.90
NOx 0.50 8.20 9.30 8.20
(ppm) 0.42 2.00 (.98 0.44
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Effect of Tip Clearance on Loss and Three-Dimensional
Flow of a Turbine Cascade

Part 1: Decrease in Reynolds Number

miE FE

MATSUNUMA Takayuki

CEL 2=

TSUTSUI Yasukata

F—TO—-F:¥9—CYEH, Fy 770V T7I VX, FhiR, KLA4 2V, &FEK ZRITEN
Turbine Cascade, Tip Clearance, Leakage Vortex, Low Reynolds Number,

Total Pressure Loss, Three-Dimensional Flow

Abstract

Tip clearance losses represent a major efficiency penalty in turbine blades. This two-part paper de- ‘

scribes the effect of tip clearance on the aerodynamic characteristics of a turbine cascade under very

low Reynolds number conditions, Ke,,; = 4.4 % 10*~26.6 x 10*. The free-stream turbulence intensity

was varied between 0.5% and 4.1%. Three-dimensional flow fields at the exit of the turbine cascade

were measured using a five-hole pressure probe for both "with tip clearance” and "without tip clearan-

ce” cases. Part 1 of the paper investigates the effect of decreased Reynolds number on the loss and the

three-dimensional flow field. Although the three-dimensional flow was strongly affected by the

Reynolds number, the tip clearance loss remained almost constant at a range of Reynolds numbers.

Exit flow angle, however, gradually decreased with falling Reynolds number.

1. $A0%

y—Y URANORGW LB (F—3 7)) OBICK
M (FyF2075 0 A) DL, IEFEmA s
BEBMOENEIZXY, Fo T2V T ANEES
Bt L, AEEE»SHEH L TRV B
The FvTIVT I AOHBMEKE X, BEX
D1 %RETH LA, DX RM/NBREZ @8 L7
FoTFIIVT I ATRNIE, F—Y CREIRFEICKRE R
HBERIIT. B, Fo7 2075 AHNCLS
BEPEEEERDI/UERZEDDEVIHEDLH LY,
Fo T2 VT 5 Y ARNOMEE, EAELES ORI
FEEBR®Y, KETORNLFEROTHRLS?, BAEFHE O
Y, BELEREINTER, 512, MALRTF Y T2
V75 v ABREOTHR (FEERT— 71280 BB
LR|EIRTY F -V VR OFKFHCAA S TW 5,
T, ERHIRAY—-E TR, Fy 72T T VRN
BREZI—EVHROERTHRETLDT, Fv SHEE

ERZM 20044E 2 A24H

* 1 PEEEMBEHIES AL F—FHBZRIRMN
T305-8564 FHIREOIFHEAL -2 -1

* 2 EEEMREMES fiftry—

RO EBOFEL RS 720, EHRERERSIC NS
NV N R AT 2 ERY, BIRS - VEIE oM
WEH7a—7 & LDV IZ X 2 FH0Y®, a0
R EDITbR, BEROMMNEIHICL - TIy—E R0
RHULENDTEDOONLE I EPHL R RoTWD, D
fi, BEMBIROBLECD 2 EOMIEDITHLRT VWS,

—J5, Vi, MEMT 2y VUV IV EEERT A Y —
ErYOMmE T, SHRELRNINZAY — L OREFED
LR, KL A VA TOY — ¥ v BYEEICELDS
F£FToTWBEED, KL A 2V IEIRTIE, BRETOH
B S RBETIE < O " REOBIKIC X Y BRI L =
TAEEPEET L DT, FyFrUT Sy AEED L
A I NVABOERTLELDIZAKT LI EIEZONED,
ROV TIELA )V ARDFENPEICI AT
T\, BiloF v 72075 v AEEOTFHRTIE LA
IVABOFEERER L2 ONKETHY Y, ¥—
REMOZENZICETIRFOEFLED T, Fv 7
2075 ABRIIHEBEEZ LT A—FD 1D
LA 2NV 2T T35, BARM AR RV,
ARFFE TR, TR —EVRIIBOO =Rk % 5
LEP—FICLDHEEL, KL AV IEBIZBITS

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.



304 F-ELBIIDBREZRTRANARETF 9 TIVT I A0HE F1R: L1/ VIHOET BRI Z—E ¥R

Bellmouth . 1im . 'ﬁ
Turbulence \uii i/
Generation Sheet :

Screens Traverse Gear Blower a b ¢) HUB
Q{ S, (@) TIP (b) MIF)SPAN (¢) H
/ Cascade 2 ¥—YUVHEFOBRK
] %% = 4l | o £1  5— U URFIOMRE
Trerirm= e
/- ] I J Tip “ Midspan ] Hub
EI-- — Blade Number N 28
I - Chord c 69.1 mm | 67.6 mm | 66.1 mm
I = D Axial Chord Cax 45.0 mm | 42.5 mm | 40.0 mm
Blade Span H 75.0 mm
1 BRY— Y REER | Blade Pitch S 56.1 mm | 47.7 mm | 39.3 mm |
Aspect Ratio H/C 1.09 1.10 1.13
FoFINT T Y ADEBR T, KBTI 2 BICS Pitch/Chord Ratio S/C 0.81 0.71 0.59
- > s olidit C/. .23 42 1.68
A, B LRTEV A NABOREE, 5 2B TR ﬁﬂet B)I/ade Angle a,-ns 0.10ileg O.:) deg O‘Oieg
ALNEDREEME T Ho RE 1 HTI, RIERIZT Exit Blade Angle o | 63.9 deg | 67.4 deg | 71.1 deg
ToVT I YARHLIGEEL VRGO YT, BYH Stagger Angle £ 49.3deg | 51.0 deg | 52.7 deg
DL A ) IV A Regyy % 4.4 % 104 5 26.6 x 10 Inner Diameter Dy 350 mm
DECHETELSETERER, F9 77T T Outer Diameter _ Dr 500 mim
AORBE LA IV ABOWREEEL, S50, 1 noelllpRate  Balbry 07
ST L FBME B L, FURROEUEZMEL, | PO K | 0omm (wimaump Gesrance)
ERELE Velour Sheet on Blade Tip  Measuring Plane
C, Cu EEE, o R R (Adjustment of Tip Clearance) (Axial Position: z/Cay=1.156)
CPt EEHEK
’ EyHro a%=P%f%W§Pt ) | 3 et >
B JE T 4 %Ot A Vo SRR R
9] g Turbine finhinh :ﬁ}‘ il P
H 'S BASY (HBES), REvF (2500 B | afons
LV, PV R, Wi \ S
PS, SS By oEEmm, SE e 39 pitchwi .
P ST pitchwise stations
Re LAV K3 &—ErEFIMODOHEHE
Tu AL
Vy, Vg, Vo B8, FF0, 851003 RS 2. RREEELFE
Vs TN Y MV 2.1 ER&EES
%, ¥, 2 Yy FHm, ANV, dhTmoEE K142, EERIZHWARIRY — ¥ VEYERZR7,
a WA (771550 deg) ARG, FEBEOBAEETH ), =y ZEIK
w, W (B 7, RRERE D ASIE) VAT KRR, HEE#E- T, RERIC X DHER
w :(av%>__an) Conidspan. ENb, Nv AERIZIE 3 HOEFRBASW Y F1FTH
: rgr 10 V. b, R LD EFRFNEA0.5%MZ 5TV b,
HBhEC S FURELE L, FLAEAE FH O PAZESUE BT IS D A
in, out Hylo A, WO LHTEIZEoTREBETAHIEITESL GHIZE 2H),
tip, hub Fv 7 ELwRM), T GERTTH) 2EK1IL, F—EYRIIOBREAHKEE LD S,
7C FOTIIVTIT R 2.2 EBF®
- Yy FHINOEETEFY RY\MOO#E, whhn, SEREDOHM% 5 LY
= WEm (€yFHmE A8 FE) O % (ZEFOBEEZ. Imm) ZXoTRELA. 59l
HERETY Y =8B 2E it 570, &LoGEE 7

Ve KR4 v F (AFv =50 74 W1266/1P-24T)
TYYVREAZT, 1 20OBEMEEL VY (XAF vy

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.



Vol.32 No.4 2004.7

S—-ELRFIDBREZATRNARETF 9 7 IUT I A0EE 18 L1/ VIBOET 305

Total Pressure Loss CP! win 1¢

LT TEFE

00 02 04 06 08 10

Total Pressure Loss CPt without TC

Difference CPt witnh ¢ - CPt without TC

-0.525 0 0.725

(a-1) With Tip Clearance

(a-2) Without Tip Clearance

(a-3) Difference between Figs. (a-1) and (a-2)

(a) High Reynolds Number, Reou=26.6Xx 10*

(b-1) With Tip Clearance

(b-2) Without Tip Clearance

(b-3) Difference between Figs. (b-1) and (b-2)

(b) Low Reynolds Number, Reou=4.4x 10

M4 BLANVABIZBY2EINBOTOEREEESMICEGZHF v T2 I)T T v ADHE

7% PDCR23D) TEREICEM L7z, FHtErHOEE
FF—yuk— (FWEER SC-7502) IZX Y EEL,
GP-IB BTV a2 v WICF— % 2HR4F L7z, ¥ b—
BORILOENTF—21Z0 LT, H 50 COEIHER
REERLT, €1, &, hmhlzHL,
M3 ICHlEHEZ RS, MEMER, BEHEZES56.6mm
T (2/Che =1.156, I v KAV TOFIMARE
Cox D15.6% T i) -TH 5, WEHREKE, v FHN
(RHm) 394 (B2, A 8rHm CEERM) 21
AT, BF819KTH B
2.3 EBEMG

KETNE, TVIEET A AZICEZH YL 2HEE
ThHh7w, bedLaEiRsE L By O%kmiZ0.5mm D
BEIATIET 5o RERIIRTTEMDO Y — V&R T
BMEZESI LY, Fv T2V T7 5V ADRWVIRE
1295 ([M3), b, AFIIFFILETI TOEBTH 5
DT, EBOMEERY] THAET 5B O EE) DB
A CTE RV, Lo L, FIEEFITH 50U, TFv
ToNT I AR L) TOERNWHRERY, Fv 77
V75V ADEEOREZIEIITELEN 1S 5,
LA NVAEEBILESE L7280, BEPAORLO#EE
2, ¥iAm/s 5 24m/s FTORBIZEREL 2. 5 4LE
F—BFOHEEREPLER LAV BORNERED L 1
I W ZEL Regy W, 4.4%10°02526.6 x 10*O#PICTH 2,

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

HOFENOFEEIZHI0m/s ~62m/s DEFRATH Y, B
2 N M, =0.03~0. 18D IEEMINIZ 2o T B,

3. ERBREEE

UFTiE, EREELZ % (Tu;=0.5%) - T,
LA I VAEEBLSELBEL, Fy T 2UTI5 VA
DEEEDHENRED L) IZEAT 20 %2#R5,

3.1 FyTUTILRBREL A/ IVIHOBRFR
3.1.1 2FEBEEXMM

M4, %042V ABICBIT2EHBOTOLIEE
ARG 2Ty T2V T 5V AOHERRT, MO
B (@) BSREBRTOREL A 7V XE Repy=26.6 % 10
TOHE, FH (b)) BBRIEL 4 7 VX B Repu=4.4% 101
TOFAHTHY, TNENLEMF v TIIVTIFIVAD
HDLWGE, TRIZF v T2 UT TV ADR WL DGAR
AT X5, AMNCERERESHOEERL, Fv
ToNT 5 ADHEOEER PR TL Lz, Rk
O SSIFEFEEM, PSIEEERAZERT 5,

FTF, BELA VA Reyy 26.6 % 10 DR 4 () T,
FoTINT IV ADHEOKE RS, K4 (a-1)
DF- T2 VT T AN LHEEIIE, HEOBEWIHIE
A5, F v SEBEENAE (X282 HILE 3/ H=0.92~1.00,
HMAIZATHER) &, FhIDH Iy FANSNVAIORETBE
BEAEEMN (»/H=0.68~0.92, B#FER) O 2 friCHF



306 S-ECBIDBAEZRTHANARETF9TIVTILA0%8 F18: LI/VZBOET BERHRZ2-ELZEHE

1.0
. go =TT TIP
S osl ¥ -~ WithTc | |
A - Without TC
(%]
§ 06
k7
[m]
g 04
S
& 0.2
0.0 o f HUB
0 0.1 02 0.3 04

Total Pressure Loss CPt
(a) High Reynolds Number, Re,,=26.6x10*

1.0

] | TIP
s 08 ?)\s. - WithTC | |
3 ' P ot -0 Without TC
§ 06
»
% |
g o4 |
3
& 02 R
& I ‘
0.0 -o-:;# ° _ |HuB
0 0.1 0.2 0.3 0.4
Total Pressure Loss CPt
(b) Low Reynolds Number, Re,,=4.4x10*
M5 SEBEORNVFNSA
1.0 S ——— [
T
X o8
(0]
e
& 06
g - Reyy =26.6x10*
® 04 |-t 0 Reow=22.2x10" ||
g = Reoy =18.0x10*
& o2 -0~ Reoy =13.3x10*
g of = Reou= 88x10° |
b B = 4
00 o Reou= 44x10* || o
0.1 0 0.1 0.2

Difference of Total Pressure Loss
CPt with 7¢ =~ CPt without T¢

X6 SEBEEDZYFHMHND
FOTIIT TV ADOEEDEE

T 5, X4 (@a2) LokEh s, Fv FHBEEEED
BERERAR, FoT7VT TV ABBEHEEICDRE
ETBIEPL, Fv72U75 2 AD50RNIEIC
FoTHLAEETHLZ WG H D (FHAOBEIZE
B)o —F, v FANRUHFD ORGBE TN OHEEHE
BB, Fv T2V T7 I3V ADLVEETLHEELTS
D, Fy THOZRE (R CXBEEEZON
%o M, BYRBAOESDZICLY, BEEREE
PEHAFWIICEX EFONTRET LB TH S P,
TR & 2RI A 0¥ — 2 (H0.730 (KA DFEY

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

0.10 N ] l
N
0.09 \ Exit Loss CPtout
_ 008 .| (With TC) -
5 oo ™ )
g -
Q \\
& 004 | Tip Clearance Loss °
i : CPch (
g 003 ; 1
= 0.02 | Exit Loss CPtout
. [ ( Without TC)
0.01
0
0 5 10 15 20 25 30

4
Reynolds Number Re,, x10

M7 BEIIMIHBERADF v T2 VTS5V ADHE

#£2 KBLAINIAHICBITHIELE

Reynolds Exit Loss Tip Clearance
Number CPt oyt Loss CPtrc
Reou With TC Without TC Difference
4.4x10* 0.0974 0.0823 0.0151
8.8x10* 0.0799 0.0650 0.0149
13.3x 10 0.0733 0.0577 0.0156
18.0 x 10* 0.0659 0.0502 0.0157
22.2%x10* 0.0624 0.0473 0.0151
26.6x10* 0.0609 0.0452 0.0157

fi, TR &, HERICL2BEEEBOY—2
fH0.3930% 2 5 CTH Y, RNU\ATKE RIBLEERA R
BTWB, NTHNCD, kBN X B BEO S VIR
(CTHER) BHET B, GHBR~NOFY T2 7T
T ADEBIRAON RV, K4 (a-3) D&FERAIDOE
Th, Fy Ty )T T AL AEEETF v SR
HIZIB> TR o TWA I EDFERTE DL, Fv T2
TS5y ADEEZ, ANV FNAE vH 0.7 LD
Fv FRBEHEEICEP L, FREIDTHM ONTH) T
i EAERON W, 2O L REBESAIZ, chE
TIZREREENTVEE LA )V VABIRTOF Yy 72 Y7
T Y ARNOERY LB TH D,

MNT, H4 (@ eH4 b okErs, LA 2 IVX
HOBRTICL 282 ERT 5, H4(b-DiE, REL
A I WA Ryt AX10YCTF v T2 VT 5V ADH 5
BEOBIG A ERT . F v THORBFEHMICB VT,
BEROBWFIEAS, ANV HFIRAE yH=0. 59485 5
F o FTHBEH OB LD > TW5D (DTHER). Fv7
HOBIEIBIL, BL A VBT 2 2129 T
WAHYS, KL A VAEITIE 1 2IlF L EFoTWw 5,
CORREE, VA NVIEOBETICHE ) oKz
Lo THERPRMITH LY, FyT2IVT IV A%



Vol.32 No.4 2004.7

4—E BIIDRAL SRTRNARETF v 77U T R0LE B18: L1/ VIROET 307

0.018
0.016
[ - e s ey & el s
o 0.014 / /
oy
x ( )
(: 0.012 Average
7] 0.0153
S 0.010
8
S 0.008 " Measured T
® Tip Clearance Deviation
& 0.006 ek | £0.0004 |
I | (+2.6% of Average)
£ 0.004 |- CPtrc
0.002
0
0 5 10 15 20 25 30

4
Reynolds Number Re x10

K8 HLAIIWVAETOF Y T2 ) TS5 AEE

HBollRRiBEHMLLEO» VAT, HEHEEI 12
WA 32720 ThHb, NTHOBERFRCH LA /v
ABOBRTOREEZZIT, K4 b-DOF> S22 7
TV ADD BIGEOELER Caid, M4 b-2)DF v S
2T T VAP EWHEORRFIRCL LD D LWICE
BLTwa, TOHEHMEZ, Fry 72075 ARhSE
WMEBIC L& ofhzifie L, BhGeficEEr R
29720 TH5,

K4b-3)25d, BKLA I VIAETE, Fvy 729
T 7 ¥ AT & BBEREMA, BEEMIHY - THREH R
I o TRELKIEDD, BEEY 2 — 7Tl
RBONBEEALS TSV 5. FYTI7IVT T
VARMNAREGAICL 2 BB, S A VR
TiEF v 7MEERLE CIZBREL T a4, L4 VX
B ClRENFERITED - TN S,

X512, 2FBEOANR YOG ERT. D5
X, M4 oKMESOEFEEE Y FHMICEERE
FHFTHI LI YERDI, FoTT7VT T ADRE
X, F5Q@QOELVA VAR TIEA SO E
wH=0.83LL LoD BRBANXDIT%DOFH) RS
nad, B5 b)) DKL A VXTI y/H=0.58LL
EA50. 93T 0D BANXYD35%) IR 5.
612iF, BLAINVABUZBIEF 9 T2 TS5V AMD
HBGE LR VIFEDBRED A FHGME R T
HEEZEOKEVERIIZ, LA IVABIEWIBGIZIE
F v THEERE ST D, LA JVABORTE
EBIZI Y FARVANZBEIL TWw5,

3.1.2 2FEHEX (AEEOE=R=TFHE)

H7BIUR2Z, FoT27)T75VANHIEEE
WA OEFIIHEEE LA 2 VABOBRERT,
BAIHIESE, BRomrllEmek cERRERY
LETH D, BFIHMOEEE, L1/ VAEOERTE
EHIZBAWL A, ZORKEE, LA VIHOKT

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

£3 Fu 275 ZHELOTHRK

Prediction Method

Ainley & Mathieson 05 kY ¢ 2C 2 cos? a,
NGTE, 1951 “\hAs) Tt cos?ay,

0.78 2
Dunham & Came 047(€ k c CLZ cos® a,
NGTE, 1970 h\c s cos®a,,
Kacker & Okapuu k c
P&WC, 1982 0‘93(}3‘55?&2)[5) CPtroa
kYc 15 COSza
2K Cp| — | = [C, 7 ——2%
£ D(h](s] - (cosaam)

Cp: discharge coefficient
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Tip Clearance Loss CPtrc

Yaras & Sjolander
Carleton Univ., 1992

Note: c: chord length
Cy: lit coefficient
h: blade height

Kg: constant related to loading distribution  s: pitch
ay: exit flow angle  a,,: mean flow angle
0.05
r

o 0.04 ,DmMm&Cmmmmef
i
© |

§ 0.03 Ainley & Mathieson (1951) }—‘—
= / 1 I

9 N/ | Kacker & Okapuu (1982) ||
c \

& 002 ~

g ___w_mZ§==ﬁr |
o ﬁiﬁ!Tiﬁr_“’—__ =
o (
= 001 L—1 Average |’1 Measured |

I
rYaras & Sjolander (1992) I—
\ t 1
0

0 5 10 15 20 25 30

v
Reynolds Number Regu x10

K9 FvrrV)rg s ARIOEBRME: FIME

WP TR LEEL, BRIEEL Emlosk
SR8, I, BRI XK LKA (EEmML L
DRHIZ L BIBK) AT L0 THE,
K8z, HELA I NVAEZBIEF T2V T7T SV A
HEEZTRY, Fy 7075 2BERE, HT70Fy S
VTS VAN EBEE L RVWEEORFINIELDE
PoROOND, Fv T2 VT I v AEEOFEHMHEIZ
0.0153TH Y, ZORAEIZ£0.0004 CEHHED £2.6%)
OERAIIZNE > TWb, Fv 727175 REEIZIE,
BV A I VAEALOFENR SR v, BRBLEE 2R
BEBLA I VABICERET A L LB TH S,
3.1.3 EBREL FREDIEE

FoT VTS ARNIBEIEREICKE REEE R
2370, ThITREBOF Y 72) 75 AHED
HEXAREINT, BAETL Y —E Y RBIIOZRFHIF
HantTwbd, £312, FA#EEFIRZ T LS, &
nooRE, BELOERF -5 2HICLEBRTH



308

=

4—E L EFINBREERTANARETF 9T 7T 70 ADF
Secondary Flow Vector V:w;m C

- Magnitude of
Mean Exit Velocity

B8 BIRLI/NAEOET BAARXEZ-—E¥EEE

Secondary Flow Vector Vs witout Tc

Difference Vs witn rc - Vs without ¢
. Magnitude of . Magnitude of
" Mean Exit Velocity Mean Exit Velocity
e Ry
SLNGN TS P

v
(R,
NN \

(a-1) With Tip Clearance

N

(a-2) Without Tip Clearance
(a) High Reynolds Number, Reou=26.6x10*

(a-3) Difference between Figs. (a-1) and (a-2)

= T
AN
- SO
RIS
WA=

e
NN s

NN )\\\\\\:\\ 1

NNNRRNINTRAN

NN

-

:
NN
PN
NN

Vay N
AR i
VAN \\\\\;\\\\I
C N Ay \\\/J

(b-1) With Tip Clearance

(b-2) Without Tip Clearance
(b) Low Reynolds Number, Reou=4.4x 10*

(b-3) Difference between Figs. (b-1) and (b-2)
K10 &L A4 VABIIBI2RFIMOTO ZRFENNRY PVGHIZG2 5T v T2 )T T v ADRE

2
0.0
(a-1) With Tip Clearance

0.0
(a-2) Without Tip Clearance
(a) High Reynolds Number, Rey,=26.6 x 10*

(b-1) With Tip Clearance

(b-2) Without Tip Clearance
(b) Low Reynolds Number, Re,,=4.4x10*
K11 #LANVABICBTLRFIBOTOTREN N L -5 25F v 7707 5 v ADEE
D, BEiZk, R0, HOR%, wilAm, BROKE
SREERGA—FLLTWAE,

K9k, KAEBROF Y727 T ABEROWEML,
KIORIEHTPHMELZEL TWb,

INVAEO -0 2RICHHT B, L) BREAWT,
LA ) N ABOFEERMET 270 Th %,
19704£ @ Dunham & Came™ ® Fifllik (D-C ) &,
AMBEZBELEZ DTHD, D-CETIE, TLA
195142 4 ¥ ') A National Gas Turbine Establish- WAEO-0.280] PHETRVWEWVWHIHEEIT, A-M
ment (NGTE) @ Ainley & Mathieson ™S &£ L 7= F EPS LA VAP~ EN 2N L Twb, D-C
Wk (CUF, A-MykLAmg) 3, b FRGEETI
ETHDB, LA I VAE Reyy 752 ¥ 1000 LOBEL 4
WV XEORTIE, EBREISEV-FHE 2 55,

HOTIMER, EBREOHIETHY, Fy T rUT T

LA W
ABMET T2 EBREFIEICEZ-TLE). TOK

VAR EBRCFULTVS, D-CHEICLZBAL
FllkERE, momXThHEHEh w5,
19824£ @ Kacker & Okapuu™ o Filllix (K-0 ) i3,

Hix, A-METIR, £30OKXTROLTFMMEICH LT,
T TOHEIE R,y 2 X 1°TOf A %L LT, LA

Pratt & Whitney Canada TO & 2 EE7— ¥ % 312,
Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

A-MEZL D-CHEEZELIIRRLATFHETHS, K



Vol.32 No.4 2004.7

F—E RIIDBREZRATROARETF 9 TIIT I A0EE 1R L1/ VIBOET

309

Vorticity Wz With TC

(a-1) With Tip Clearance

Vorticity w, Without TC

(a-2) Without Tip Clearance

Difference wz witn rc - W2z without TC

(a-3) Difference between Figs. (a-1) and (a-2)

(@) High Reynolds Number, Reou=26.6x 10

(b-1) With Tip Clearance

(b-2) Without Tip Clearance

(b-3) Difference between Figs. (b-1) and (b-2)

(b) Low Reynolds Number, Reot=4.4x 10°

12 £L A NVZEIBARFIBITTORMESMICGZEF v TI7VT 7V ADE

26, RO FREEE IR, ) EFRTFHEZ LT
52 EDG b, K-O O FHME.01681%, FEH
0.0153 & +0.0015 (EERfED +9.8%) DETH Y,
K-OEOmXTHRSN: MPBEIE£15%, O#
FEIZA->TW5,

19924F 12 Yaras & Sjolander®™ix, @E0F v 72
75 v ABEOTFHEE LY 2 — L2 LT, MEOER
FF I L TRUVENROEGREEFVEEAL, i
BTPHRZREL 2o Y-S HEOTHMEC. 01401, FEB
fE& —0.0013 (EBRED -8.5%) DETHYH, ZOF
WELPRY)BRNFHEZ LT,

BAGF Yy T2 T ABEOTAEZLEL, &
BRI RRIN K-0 L Y-SEiE, REBRTO
FoTrNTT Y ABEEIOLUNOBETTRTE 5
ZEWRH o T,

3.2 RhoBEEL 1/ WHOERFE
3.2.1 ZRJ/EhAXT b IVDH

K10iZ, “RFENNRT MVGHIZEZ5F v T 70T
S VADEE IR, ZIRKINNRZ Vi, FHREHR
NH (67.4deg) CEEAZMIZ, FUWERTORNE
WELIZRZ PVEEH L, KILCIE, K10DXZ b
VEFL—=ALT, iz kL2 S ICRR L7,
(AERICEE R EERS DD DT, TR TIER,.)

T4, M10Ga) K11 (@ > 5, B A 7 VAEIICE

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

FBFTINT TV AOFEOKE RS, H(a-2)
DF v TI YT T AR EVEEIZIE, Fv TEHOANE
EAENC, BEEFED OB (KHIZ PV, TEOR) 2581
BENDL, M@ D)DOFy T2V T7T5VANDILERI
&, Fv TREEmICE - T, KEEETE D okl LV
TFER) BRELTVWS, ZORNBLVIZED, Fv
THIF S PV, 13850 Sh, BAFRM S#NIAL
BIZBELTWS, K@3)DXRZ bVERLD, Fv
TINT SV ADLORNRPHERTE 5,

wiz, M10L 11D (a) (b) DEH S, LA I VX
BoOFBRZERT L, M@2)tb2DOFy T2 7
S YA WEAIE, VA I VAEIME T 5L, B
RBOFEIC LD R PV, 2598 25, K(a-1) &
b-D)DF v T2 VTS5V ANDIEHEEITE, LIV
ZEPETT 5 &, BRI PV, OB T, BILA
LV 2B A ‘AN > TAS Y FEIZEBE L Tw b,
T/, M10» (b-1) & b-2) b3 5 &, KL A
ZHITIZ, Fy 72T 5V ANDHGEEOTRBE
PVip 25, ZVBEID ML ZoTWd, THIFEL
4 I NVZEIRE L OBRRETHY, KL 1 2 VA
X % R PVyp LRI LV OBWTFHICERT 5 &
#xo6N5, Rb-1)TE, Fv727IU7 I YAHEND,
ERIHOF Y T LAEORNEFREL, v o—72
RNTROZRBOEIF IS EAEGFZTVD, 10D



310 A-ECBIDBREZRTANARETF 9 TIITI L A0HE B1H: L1/ LZBOET BAHRXZ—E2R5

Flow Angle a win rc deg

(a-1) With Tip Clearance

(a-2) Without Tip Clearance

(a-3) Difference between Figs. (a-1) and (a-2)

(a) High Reynolds Number, Reou=26.6 x 10*

(b-1) With Tip Clearance

(b-2) Without Tip Clearance

(b-3) Difference between Figs. (b-1) and (b-2)

(b) Low Reynolds Number, Reou=4.4x10*

13 &L A NVABIIBITHABEFIBOCORNADHICEZEF v I 2 )T 5 v ADE

(b=-3)DXZ P VEIPLH, KLA VVAHTREFY T
)T T Y ADRENRBEBIIRAZ EPHERTE 5,
3.2.2 BEA .

BI2IIRET A 2T WL, RKEFTHY O iE,
BEtRI ) OB L ERL T2,

M12(@) 2 5b@mL A ) VABRTOF vy T2 IVT I
ADKEEDHEZRARD, M@2)DFvyTrYVT7 5
AW WEEIE, Fy TEHOREEMICERETR Y O
BEi8 PV IS X 2B OREHEBIH Y, 20X — 7k
~10.4 (R -9.4L 45 -11.30F3¥1E) %45, K
(@-DOFvTFr7UT 5 ABHEEGIIE, Fv 7
BEMIZH - C, KEETHY O LV I X 2 IE DO E
WBRPREET L (K—27fE17.7), TORNFLV IZ
Yo, F v 7HOWEE PV, 550D 50T, AOH
BB TS (E—2fli—5.0) X (a-3) DFESA
DEND D, BRI L A EOREFERSHRTE 5,

Ki12(a) & ) ZHEL, LA I NVIAHEOEKTOFE
2ERT L, M@2) & O-20FvyF2 )75 AR
ZWHEIZIE, LA VABPMET 5L, HkiE
PVip IC X 2 HOWMEHEBAHRK L TWb, Fv 72
T T AN BEE, H(b-1) DKL A 2N BT,
BRCTLER I PVyp 12X o C, WMLV IZX 2 IEOWRE
HIEA, BRATEEHWNISHE > THEDS o TWa, M(a-1) &
(b-1) Z 8T 5 &, RNUBFIROWEDO ¥ — 7 i,

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

BLA NV ABIRTIL7.7, KL A 0V XEIRTIE8.1
LhoTWh, KL A VAR TIX, BVEKKE
PVip DB & o TR LV 2YAJEIMIZSE X L
LN TIEVERICILT 4720, BLA VALY
DE—Z MK b Fo T2 UT 5V ADKES,
B @3)0@mL A/ Vv AEITORMEDHDZETIE,
F v TREERGEICER TS, - F, KbB-3) kL 1/
VAR T, Fv 7HORWVEIINZ T, Fv 7RRE
BiE, BH#BY—2, NTRKE L EREEERONE
AR BTN T 5,
3.2.3 Fhaasm

B13iZ, WA (I—FH) O5MmERT, X132
5, BLA I NVABBIZBIAF v T2 )TV ADK
HORBELERRL, M@2)DF v T2V T7 5 A%
WA, Ty FHoEEERE BERATORNA
DY — 7 {EiZ, ®E72.0deg, ®E53.5deg T, #D%E
H18.5deg T b, —F, M@ )DFvF7YTF YA
BdhHGEEIIE, Fv TRHOY — s HIZ, HK87.7deg,
/41 .6deg T, FDENM6.1deg IZHIML, Hhigo
WBIZL > THRNADRAMBEEIIE LTV S,
H13(a) £ K13 (b) DB S, LA I VABOHER
TWRB, FyTrVT T ABEVES, K(b-2) Ok
LA VZEIR T, Fy RO, &K79. 1deg,
H/153.8deg T, 25.3deg DEE LY, M@2)DEL



Vol.32 No.4 2004.7

4—EVBHIDBRESRTRIARETF 9 TIUT IV ANEE E18: L1/ VABOET 311

1.0 T | TP
< - With TC
X 08 : u
o : -o- Without TC
[&]
8 06
K]
[m]
8 04 f
s ‘
C | |
g 02 ‘
& ) | |
0.0 1 —o |HuB
55 60 65 70 75 80
FlowAngle a deg
(a) High Reynolds Number, Re,=26.6x10"
1.0 3 i l TIP
S o8 { {DJ/O - With TC
: A -o- Without TC | |
8 06
®
: )
g 04
: %
c
S 02
n [ e
0.0 B— HUB
55 60 65 70 75 80
Flow Angle a deg
(b) Low Reynolds Number, Reg,=4.4x10*
X114 FHAD RS FHGAE
1.0 A TIP
T
X 08
Q
g
g 06 )
® - Reou=26.6x10
S 04|l o Reow=222x10*
o - Reo=18.0x10*
2 o Reoy=13.3x10°
8 02} « Reu= 88x10*
@ 4 Reow= 4.4x10°
0.0 - : HUB

12 10 8 -6 -4 -2 0 2
Difference of Flow Angle
Awinrc~ Cwinou7c deg

K15 WD R8 Y FGAR~ND
FOTINT GV ADHEDY

4 NVZERED D, MhAOENIKEL, KLA /L
BB TIIRNBAEL 2B Z B BERTH B, Fv 7

2VT 5V ANDBEAE, Hb-1) 0L A v XHE
Tix, ®K107.5deg, H®/N27.5deg, 7#80.0deg T, M

DTRELRBENADOENIREL TDH, TORRELT,

LA IV ZAEOKTIC & 2 FEER & Rhio s TEas
FEIFohns, M@a3) s b-3)oRhAanEr L&Y 5
L, BLAAVZBIBTIY, FyT2UT TV AOK

A3Fy TREEE IR SN TWBD, KL A4 v X
T, HEEERICEITEHA TS,

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

68.0 T
‘ Design
I

67.5 N
e —— i ———— — — — — — —

mp{@@@ﬁ%];;r’xr‘
66.5 //Y

il d
| p A

[

65.5 //, [ with TC

U
65.0
0 5 10 15 20 25 30

x10*

!

Flow Angle o deg

N\

Reynolds Number Regy

K16 BHHIHOAORENE~OF v T2 YT Ty ADEE

T T

0.2 Effect of Tip Clearance

V41" | (Decreased Flow Angle
. ( g )\\
—_
g8oep L S R
z ® \ /
2 5 -0.6 [ Ainley & Mathieson (1951) }
[ <
5 S 74

5
8 ' -08 ,///
@ 2 L
o £ 2
=
'E ls -1.0 ’W”“ \}
ot | Measured |
12 4/"
14 L ﬂ
0 5 10 15 20 25 30

4
Reynolds Number Re,u x10

[X17 %/77079yza;5mnﬁ®w1§

14z, WO AN FRGSHEERT. VA S VK
BAETT 2L, Fy 72075 2A0BBIZLDHE
NAORWPPHEEIZEHN WS, T2, KI5, Fv
TINT 5V ANBEEELERVHEOHNADOELY IR
To VA NVAEIMET T 5I1TE, hAasswdd 28
BASI v FASUVANZIED o TV T EHRHERTE 5,
3.2.4 FhA AEEOEERETHE)

K162, Fv T2 VUT I VARDIGBELRVEET
ORFIMOOF N (EEREFHH) V1 VK
OMFEETT. BLA ) VAEIRTIE, Fy T r2IT T
VANV, IFREBYORLANELN S,
Fu VT IV ANDLEAITE, RUROEETHR
NEPDRL D, LA I VAEMPMET T 5ITEHNA
PR LT, BEWENALOENPKEL R 5,

1712, £V A I NVIABIIBFEF T I2IT I VA
OEEIZEZ2HNAOBIEEZRT, ZOMIZ, H16D



312 2-EVBHDBREZRTERNARETF 9 TIVT 7 2A0E8 E18: L1 /WIBOBET BARH X4 —FE L $E5H

FOTIVT T VANSLEEERVEEORNADE
MHERDOND, Fv T 7)) TT AL LFENAORL
'L, VA NVAEPMET T 238 HEICLL, BREL
A I VA TIE—0.469deg TH LA, RIKL A VA
Tk —1.290deg (B 31%) 1% 5, M8 DIEEDE (Fv
TrVT S Y REE) B, LA VABIEKELZVO
XL, hAaoER, V4 O VABOBERZT5,

BidR D A-M 3L, BNnfEOBPEO TR DIREL
TWw5 (H17o>i&ﬁs§)o A-M O F 4B 1X-0.456deg
ThY, mEL ANV A TOERE-0.469deg 123\,
A-M (if@muhﬁ@(ﬁé‘gli LA NVABORE)Y
ERINTWRWRY, LA VIBIEEETIC—%
DL b, L7z T, Bl A/ VAR Todhg
" OBRVEBIGETICEEDL o TWAD, KL A VA8
TIRERME L Y BN FHEICR->TLE .

LBy —¥ Tk, BAHOOHIAORIHTTHRE
FI~NOWMAREEELSE D20, ¥ —EC U ERICKE
RBEG b, LoT, KL 2 VAEIRICEBWTHE
B755—-CUrEFERITTLIEIICE, L I VIED
EFPHENAOKELBAL L EICEETLLED
Hbo

4. $&8
- YREFMOO 3 KTHNE S LE F—FIZX -

THELT, Fv 727077V APHRNBFICRITTE

LA v B O BR % R

1) FuTrU75 Y RERIE, VA VARG
T, KL A VAEBIZBWTY, 13T EEE
fRofze ZOZEIE, BRBEIE ZREEMSL AL/
WABOIRT L L HIZABICHEMT A2 & LR
Thol

2) Fu 7777y ABEROKL 2T EREYIC
WHL, EBEREEEELA, Kacker & Okapuu
i & Yaras & Sjolander %1, REBRTOREMHEIC
X LT £10% N O BT FHfEE R L7z

(3) Fo7rUTTAPLDORROEEIX, L1/

N ZBAEWEESIZIEF y THBERREEOAICEHL
72728, VA VAEIMMETT 5L, HhoBEsek

BT RITL 7

4) Fo7r0T75AOEBIZIIHNAORIEIZ,
VA VAEIMETT5I13EREL o7z, Alley
& Mathieson I CTFRI L 2o IbER, &
VA 7V ZEI T OREMEITE D - 720

AT

AEEFEE, BEHAAIREGE & OB TR 7T
HEFEXEO—RE L TEHEIN: TERBR - =40
F— Iz aBY AT AEAM SIRERAO TENELY
AY—EV BESMY AT L) HROBETH 5D,

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

19

Z2EZXH

Sjolander, S.A,, VKI Lecture Series No.1997-01, Secondary
and Tip-Clearance Flows in Axial Turbines, (1997-2),
p.1-29.

Bindon, JP, ASME Journal of Turbomachinery, Vol1l11l
(1989-7), p.257-263.

Dishart, P.T., Moore, J.. ASME Journal of Turbomachinery,
Vol.112, (1990-10), p.599-608.

Yaras, ML, Sjolander, S.A.,, ASME Journal of Turbomachin-
ery, Vol.112, (1990-10), p.609-617.

Heyes, F.J.G., Hodson, HP., ASME Journal of Turbomachin-
ery, Vol.115, (1993-7), p.376-382.

Booth, T.C., Dodge, P.R., Hepworth, HK., ASME Journal of
Engineering for Power, Vol.104, (1982-1), p.154-161.

Wadia, AR, Booth, T.C, ASME Journal of Engineering for
Power, Vol.104, (1982-1), p.162-169.

Graham, J.AH., ASME Journal of Engineering for Gas Tur-
bine and Power, Vol.108, (1986-1), p.38-46.

Luo, ], Lakshminarayana, B, ASME Paper No. 97-GT-421,
(1997).

Tallman, J., Lakshminarayana, B, ASME Journal of Turbo-
machinery, Vol.123, (2001-4), p.314-323.

Ainley, D.G,, Mathieson, G.CR., ARC Technical Report R&M,
No.2974, (1951).

Dunham, ], Came, PM, ASME Journal of Engineering for
Power, Vol.92, (1970-10), p.252-256.

Kacker, S.C, Okapuu, U, ASME Journal of Engineering for
Power, Vol.104, (1982-1), p.111-119.

Yaras, ML, Sjolander, S.A., ASME Journal of Turbomachin-
ery, Vol.114, (1992-1), p.204-210.

Yaras, M.I, Sjolander, S.A., ASME Journal of Turbomachin-
ery, Vol.114, (1992-4), p.652-659.

Yaras, M1, Sjolander, S.A.,, Kind, R.J,, ASME Journal of Tur-
bomachinery, Vol.114, (1992-4), p.660-667.

Xiao, X, McCarter, A.A., Lakshminarayana, B, ASME Jour-
nal of Turbomachinery, Vol.123, (2001-4), p.296-304.
McCarter, A A, Xiao, X, Lakshminarayana, B, ASME Jour-
nal of Turbomachinery, Vol.123, (2001-4), p.305-313.

Liu, J.S. Bozzola, R, ATIAA Journal, Vol.31, No.11, (1993-11),
D.2068-2074,

Tallman, J., Lakshminarayana, B, ASME Journal of Turbo-
machinery, Vol.123, (2001-4), p.324-333.

Morphis, G, Bindon, G, ASME Paper No. 94-GT-481, (1994).
Tallman, ], Lakshminarayana, B, ASME Paper No. 2001~
GT-486, (2001) .

Bons, J.P.,, Sondergaard, R., Rivir, R.B, ASME Journal of Tur-
bomachnery, Vol.124, (2002-1) , p.77-85.

Van Treuren, KXW, Simon, T., van Koller, M., Byerley, AR,
Baughn, J.W, Rivir, R, ASME Journal of Turbomachnery,
Vol.124, (2002-1) , p.100-1086.

WBEFE, WEEE, FHEE, ORTAY - 24858
Vol.30, No.3, (2002-5), p.208-215.

Lakshminarayana, B, Fluid Dynamics and Heat Transfer of
Turbomachinery, (1996), p.572, John Wiley & Sons, Inc.



313 BARHREZ—E >

AL
F A

Vol.32 No.4 2004.7

F—EVRYIDFRE=

| Beffnsm X

RICHENANRITTF T2V TIVADGE

52 8 ERSLNEORM

Effect of Tip Clearance on Loss and Three-Dimensional
Flow of a Turbine Cascade

Part 2: Increase in Free-Stream Turbulence Intensity
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Abstract

The loss of performance due to tip clearance flow has been intensively studied for many years. This

two-part paper describes the effect of tip clearance on the aerodynamics of a turbine cascade under

conditions of very low Reynolds number: Re,,; = 4.4 X 101~26.6 x 101. The free-stream turbulence in-

tensity varied between 0.5% and 4.1%. Three-dimensional flow fields at the exit of the turbine cas-

cade were measured using a five-hole pressure probe for both “with tip clearance” and “without tip

clearance” cases. Part 2 of the paper investigates the effect on the loss and three-dimensional flow field

of increased free—stream turbulence intensity. The tip clearance flow at high turbulence intensity had a

smaller effect than that at low turbulence intensity. The tip clearance loss remained nearly constant at

the various free-stream turbulence intensities. The reduction of exit flow angle at low Reynolds num-

bers was slightly improved when the free-stream turbulence intensity was increased.
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(b-2) Without Tip Clearance
(b) High Free-Stream Turbulence Intensity, Tui,=4.1%
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(b-2) Without Tip Clearance
(b) High Free-Stream Turbulence Intensity, Tu,=4.1%

BERANE BT BEFIBOTOZRENNRY MSHRICEZLF v T2V T 50 A0OEE

(a-2) Without Tip Clearance
(a) Low Free-Stream Turbulence Intensity, Tuj,;=0.5%

0.0-"
(b-1) With Tip Clearance

(b-2) Without Tip Clearance
(b) High Free-Stream Turbulence Intensity, Tuip,=4.1%
10 FHFHEANEICBILZEFIMOTOKIEN I L —RIZH5Z25F v T2V TIVAD

25

e

L, RHEDOEAIHTHIH LD ) 720 TH B,

M8z, ZFERENEIIBIFIAFYSZY TSI AE
LERT, Fv S rITI L ABRE NTOFv T2
VT 5 Y ANH B E BOEAORTIB LD ED
SRDB, Fu Ty T T v AELOFEIZ0.0155T
HY, FORMEIZ£0.00025 (FHHED+£1.6%) LD
TH% Ve BIBROX 4 25X 6 IZIZFHENEDOFEIZ
X DBESARROBALRR b N=05, ThboZfb%
HEBEARTYEY LFy 72775 v AEEIE, Fi
BB IRTE L 2\,

3.2 ZRTHEhOEE L ERENEOBF
3.2.1 ZRFEhANY VSRR

M9z, FFERENEIZBVWT, ZRENNRS PV

HIZEZBF 0T 2VT 5 ADEE R, ZKiEh

(b-3) Difference between Figs. (b-1) and (b-2)



318 S-E RADBREZRTRANARETF v 7T 2088 28 ERANEDOHEN

BXRARAZ—EFRE

Vorticity w; win ¢

(a-1) With Tip Clearance

Vorticity w; without TC

i

(a-2) Without Tip Clearance

Difference w: win Tc - Wz without TC

(a-3) Difference between Figs. (a-1) and (a-2

(a) Low Free-Stream Turbulence Intensity, Tui,=0.5%

(b-1) With Tip Clearance
(b) High Free-Stream Turbulence Intensity, Tuin=4.1%
1l KERIENEICBTHEFIMOTORMETHIGZEF YT IV T TV ADR

N7 MVOERE, FHEREFTHRNALIN (67.4deg) T
BEREICN LT, SUESTORMEEE LY MY
ELTWwWA, T/, M0, MO RFENNRZ b L%

FL—XLT, fhxHLL2L) IR LTS,

FoTrNT IV ANDEZHEORI (a-1) & (b-1)
OHE» S, EREANEDEELHRL, FHIEALNED
BINC X - T, BEIEY OF v TR ER PV, 25550
ST, KREEHEY ORI LV 23 v FHEEmIC -
THRET S, ZOHGIE, H10@-D & (b-1)i2, &5
AP RTLIRENT VS, RBEBRAFHI LI LI
Lo T, FiROBESMOBIIT &R SIS, K9
(@3) & b-3) dNXZ P NVEDPS D, FHEALNEIEL
AHIEE, FuTIN)T I AP LDRNIBDRENERE
M ICEPT L THNDL Z L PHEATE b,

3.2.2 REAT

BIICIRES A 2R3 WL, RKETED 0%k,
RETHI D DRz AL BERL TN D,

X11(a-1) 2R SN A EEFHELIVE Tu;,=0.5% TD5y
AT, Fv FHGEER PV X TRETZ2EOH
EHEBOE—71Hi1E, -8.5 (AM-8.9:4HM-8.10
T ThBHH, MILb-DITRENSEIRELNE
Tuy=4.1%TlE, ¥—7MHB-4.6ICB P L TwD, 2
DT EiE, FRIANEOEMICL Y, HERMOMEI 5755
(BABZEERLTWSE, —F, BUIBLVICE o TH
E4 5 IEOMREERIZ, Mi1lG-1)Tid, I v FASY

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

(b-2) Without Tip Clearance
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Development of Monitoring and Control System
for City Gas Fueled Micro Gas Turbine
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Abstract

With the popularization of Micro gas turbine, civilians will become users, so more suitable monitoring
and control system will be needed, which should make the running of Micro gas turbine easier and
safer. In this paper, a monitoring and control system for city gas fueled Micro gas turbine was de-
veloped, which core is a personal computer, and the system has three function: running control, load
control and monitoring. By the running control function, running of Micro gas turbine can be started,
then the rotation speed of output shaft can track the desired value what users set. By the load control
function, the load of Micro gas turbine can be changed as wanted, so the partial load characteristics
can be estimated. Otherwise, The monitoring function can make the running safer. After the system
was finished, running tests have been done and the developed system showed a good performance,
especially, with the developed starting control method, start running of Micro gas turbine has been im-
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proved very much.

1. TADE

“AzaF Ry -y (UEMGT &B$) OERIC
BT, “BOANVBL—F—E b0, Z0EiEH
HOLRTE, HIHOBERTREEISHEE 2%, F
72, VAT AOREGENE, REREWUL EEEHET 5720

12, BGhE, MoRMmRTER EOMERESER L 25,

Z2C, DEoORBERBETE S MGT BEHHI#EY 27
AOBRPBEYL 2 b KHFRTIE, HHT R 2 BB
L7 MGT 28 B ICHOoREITEE I L0012, /vy
TR PLE LEEREEY A7 AOBERTo7. £
¥, WHEOHMLIE v M2k 2R T, HlEs
DR RIBIR 720 WIS, BEBM Y 2 7 2 % EE 54,
EAFEIE B O 3 O OBEI T TR AT o
2o VAT AOBREYERE, REEE TV, FOREE
ARGEL, FEEITo7

BEE:
R HAV xRV —%—§iEE [rpm)

ERZf 2004463 H 8 H
* 1 HEKZERZRLZRFEREM LFEL
T113-8656 HIFHURERAMT? -3 -1

—84—
Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

R, Hy#ngEEL [rpm]

Qr : BRBHMAR R [m®/min]

EGT: #—E Y IRIEE [C]

P: i kW]

T; &ff b2 [N-m]

Ny 2 BEE [%]

byt BT A A D&M Fe R [k)/m®], h,=41609k]/m®

2. HBRER(E

ARG CHG7ZRBRERFE R 1ISRT. MGT A4,
AMEE TH L MERABIET, RILIBR CRIER» 5
Bl Ehs, MALZMGT 22 8¢, B2
Thbo M, BRESR, -y —%—-ErD
LO0OFFPLEREINDS (M2), MEEIZIZ2MED
B D wEERE, VEETAOIRE L T, BT
2, MEMOBREEEN R EOFRELT ). RIS
CWEREBAERERE®R T2 TNV T, BKEITH
Fu—75 7, BEZMETH ANV T, BRE T HET
THRE Y Yy M T7AVT, BBRAEBIIE D 5.



Vol.32 No.4 2004.7

BHAZREBEE LY 70X 8 —E L EREIES X7 L ORISR 323

HAG 1 Bl

L.

L Fikes ki

Rigmgmtis

Ha

IRG Bee F LR
S Rt
S/ ;

.

EE T ]

/
HADZR L= f

HAD x5 Lo

K2 MGT O#X

3. miRFIEIZ v MK B E SR

NV AV ERLETLERRES AT A LRET S0
RN RO ITIR T 5 2012, Hilof#HLz=
b Jet-tronic % M \» T MGT @ R & # % 1To 7o
Jet—tronic O ARDOHFBIIHEAHS A A ¥ —FK Pz bz
YIVVOBRERHBEAETH ), ERNLHEE LTI L
BTELV, Pz, EEE2THOEE, 2 bu—0
Ky s Aboxay bV VEANBNICHAET L L
WL DEPEHAETE T2 L W HEAFRTH Y, ™ME
THd, HEFOBERHEB L LTRIAV AL —F—
HEERE -V HORED 2HBEOATH Y, &
HOETIR, A5 THb. /2, AMHBILTEL
DT, AMEREEITI BE, RERABAFHHRE SR
TWAFAFEI ba—FI2X ), FETHEMZRE
TRLENRD 5.

T2 = » b Jet-tronic |2 & % A M EELREBO
BREK3ITRT, T/, AMERFICHEMN Vs 25l
Fih i dn gy & R BB I EORER L OBRE T &
BHTH 4 IRT,

3X0GhB LT, MGT oEfzidiEs) (Start),
WEEE (Run), =1k (Stop) & D 3 DDEFEIZHT S
N5,

B4 XD, 8NV IZEREESR & by bl ik o B
n& M 52 L9 %.

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

EEUANC, BRI = v b Jet-tronic |2 & % &z

REOERELY, UTOZ LW SRk o7

(i) #WHZZBE L L7z MGT OiEE 2 HET, &
B OB IR AR,

(i) MBREBELZHETLIZEICED, FTAYVzRL—
& — iR & M E s 2 flH T 5 2 LAt T

X5,
Start Run 3 Stop
x10*
15 v v v v T
E o0
flas
s}/ [
o /
0 . . . . . .
0 100 200 300 400 500 600 700
Time [sec]
~—~ 10000 —
£ e
5000 | "
~ //\
/
0 . . \ R R . .
0 100 200 300 400 500 600 700
Time [sec]
o2}
S
E 0.1 .
&
0 100 200 300 400 500 600 700
Time [sec]
1000 | " )
. T
[af e — |
_— ’ NG
0 R . . . . .
0 100 200 300 400 500 600 700
Time [sec]
3 R R AR R
25 ‘ i T 4
== R = §500 rpm : ¥
~&r Ro = 6000 rpm : :
2 po -} Rn - 7w° rpn ................ ' ...... Beren
~F— Ro = 8000 rpn : ‘ :
'§‘ ‘5"“ 7 A
=
@
g
'2 Ll 2R R B R Ry o g TR SRR PR TR
05| g SR ST
0

0 0.2 0.4 0.6 0.8 1 L2

Exciting Current [A]

K4 ANV —EhREER, MR e OB&

4. BERBIES 2T LOFE ‘

AEFFETHAE L 72 MGT BB S 2 7 2 0 FEBRAE
R E EEBIE, A, EEROERRED 3D
DOREEEIZ T D, EiRHIERER I S SISEEFIM,
1R & @ BRI T b b,



324 MEHXEBMEE LA 70X —EVEREIBE S X7 LD

HAAR 2 —EL¥RE

LEROBEELSLZ, MGT EEBEorHIT—%, &Hll
JEEE, BB, FILERE, REHEBELEZ VT
YOBELIZFRE LB L T 7 4 VITRET T 2485
baBML 7z,

ERHE AT 2AOBBEMEZR S IR T . Ly 2b
DF—=FHY T WY AENR, ERHAE ST A
WCEoTREING, —F, BIEMOSEE L,
HWES%Z D/AR—-FEEMELEEK L=y PEEHL
THHIT 5,

&R
B

B | HEE

ATy ML

(K5 ERHIEY 2T L OB

4.1 EENMEILFIENE

ARFFE I, EEEIEREEICH LT, Wl

v b Jet tronic DL SZEIZLC, Az ERQL

+, 6 DX HITEREI L 72720, AREBE bICE

LB HEORELR L1347 T v,

FIZUTOREHTIT 272,

(i) BRKOZAIVIFEIHTAI 22 b—¥7 —HiRERHK
L YikET 5,

(i) EERFEOF ANV TEED LFMHHEIT 3 EERIC
b LRI L

(i) Za—7952 ON O % FEWEIZ L 72,

(iv) #—YrHORED EARIZL Y SREZH»OFH
W %2479 o

(v) 72XV 7%—EkH ON, —EKK OFF &
IEMEERYELTMGT DBHENN—-TV 2T,

4.2 EEEEHIEE
BRI, WD fEE L L, PID#
WEZRA L 720

4.3 BfHIEE

BMEOEBRL Y, BRHEERLZBICELEED L, A
P VZ S RBUTEILL, MGT OO EHIED
BHRIZO%LDB2 I EPHLNRoTze ThE@lTb7:
DI, BHEERZ R PICESELLERDH L, 2D
7o, ARMHETIE, AWMV ZHIERE L, 2 EH]
HEZRA L. ZORIEETIE, 2—F—2BER
BRIEBROZLEZMEBIIRETHI LN TEHDT, £
ILEZ/PECHRETRIE MV ZROPICELSESL D
EDHRTH D, /2, 2—F—KELZ PV DH
PEIC ETRRZ 30T, EHl by 2 A2 ORI MIZPOR

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.

Start Run Stop
FA ¢4 Aosird Stabilize
?J:;E}b’ §kmm gmarﬂg I,/ Winimm
. .
V-hooelr$tart j ’
V-lgnitp-
B
TFHNT
o
OFF { “ H L]
i Fsy

o
oFF —l ]

By bFD
FAY o)

OFF i

B 6 2Bk
TAHLHIZ, RIFRETORE I ZHET L,

4.4 BEIR{REEMMEE .

SENIF AV 2 F L — & — = T R%Z & D181
BIZD X A0 ORFEZ R E L7z MGT &S
FILINOLOEBZERHL, REOFELZHNT S, 72
7L, TREIZOWTILEE EEROAHB$5 2 &1
L7

4.5 ERE@TOIS L
TUY G NEEIEAE BRI L -
¥ —T 2= AD2DIT b5,

4.5.1 EEfRHIEEE

BARMI IR X 7 — & SREREF, HimAEE, A
B, HET— & HER L BERRERR D 5 D DERG P D
BEhn, EREIEOMEEZRZT,

45.2 2—-¥—-A428-T1—-2

EREE TS ARETENLE, TRTTLD
7 — & SREER, BEHIEER, AR, WE7T- 5
HERCERREROZNZNIIHINT ST 1 ¥ FU8
Ny arOEiEEicKRTENDS (W7). ZOWIEL
T, BEIRSOAT), BEMEORE, BERHEEHREOR
FAEDEE R EDTHRTH S,

F72, EEPICH 8 D &) R AR W & X 9 D X
I HIEEBEOFRH;EET, £NHICL D, R
ZHBT HIENTE B,



Vol.32 No.4 20047 BHAAHREBBE LTI 7 0F X2 —E L ERFIHS X7 LDOBE%R 325

5. BMELAERHES X7 LICK D EGHER
5.1 EAMEGRR
W, REFERCY -y BOBEOELO

FEMI0IZRT,
Start Run Stop
x10°
10 r 1
::E: N
= 5t | ]
= \
0 N N N e
0 50 100 150
Time [sec]
e r_g_ 6000 1 ‘\\,_ et e 1
N g & 4000 b \ ]
M7 HEEEFEOETEE o '
& 2000 f A\ .
0 . . .
0 50 100 150
Time [sec]
= 0.15 | T ) ]
= 0.1r 4
% . N
. 0.05F 1
&
0 " : N
0 50 100 150
Time [sec]
—, 1000 F ]
£ N
k= 500 | \W/MMVWMMM’\/\__V b
i I s
0 L/ . . .
0 50 100 150
Time [sec]
B0 AR
(X8 &b B L 1 5.2 BEfNE&RHR

5.2.1 EEFIEHE

2= —DEILEFIC L D EREPIEEFEILE 2o 2R
BEREZKINCORT, I BEB DB R &g %
6000rpm IZFREL, B b2 % 1IN-m O EE TERFE
B L S 7z,

5.2.2 EREFILHAR
BAREEPICBEEEL L 2o B A ORBRE R 2112
WRT . HEM ) W E x5 % 7000rpm W& E L, B
MV 27 ZIN-m OFI & CTERBEICEN ST, B bV
ZHN-m A 5H6N-m FTERLTW/AZ&ERIZL, HR
VxR b— % —#hadE A ERIE 0 130000rpm % 48 2
1272 DB EEFIL L o7z,

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.



326 BEHAEBPE LTI IVAFRZ—E L EREMEY X5 LDBER ARHXE2—E L2558
x 10 6. EXR
" 6.1 EEHIEBE DRI
g 10k b, MGT OkeE), #FEEdx, FILo—EDOH)
o= 5 fEIZAL—RXIZTETHEI LD TP 5,
0 po — s Tz, ML RICLY, SBRERBE~OHEE
w000 Time [sec] FOTALIXEEE D IC > TWAEZ E LD o7, &6
T o | ' 2, REEEE Y EL TITo RIS K Y BB OB
- 4000 »}{\’f L%libibflOO%k&o’Cb\éCk%)ﬁ‘?ﬁ‘ofzo
2 o0 } R Y, EEEETIC, HhREESE R EY
i 500 00 -~ WEKBRLTEELTWS Z ERgh ol
Time [sec]
8 "
;s‘ 6l 6.2 ATTHIESEEE DS
g 4t 11D V7 Ro<—27 OERG 29K L TRIBIRT .
§ 2t : Misicky, 2—¥—DHEMEA*ELETE L, B bV
00 50‘0 ;0(;() 15(;0 ZEBERe B L, BEBICERLTVWEZ L2
Time [sec] 5o % 7z, ﬁﬁ: MLz tiB%ﬁE@iTﬁﬂﬁﬁlﬁmlﬂlﬂiL
M1l fBiEEERE (EWeEL) th, RORERERLTVWLZEL D5,
15xlo4 ' , . . ' — 2.5
= v
0 100 200 300 400 500 600 700 =
Time [sec] s
8000 v Y v Y Y R g
g o | 7 W/ =
E 4000 fﬂ \
= 2000 }
N
0 100 200 300 400 500 600 700
Time [sec) 0.5 i - . - . .
_ . . 1 ; — 410 415 420 425 430 435
E 0.2r ; } Time [sec]
E o1 “
& M H13 A& b vy o BEEANOBRE
% 00 20 30 40 s00 &0 700
X . ' Tilme [sec]‘ ] . 6.3 %?Eﬁﬁf%ﬁﬁ@*ﬁﬁ
g 6 N H12DREEILBEOES (v —2 Off5%) ZILKL
5 4 TRIAIZR L2 RUEYHRB LIS, AV xR
52 L — & — il [ 5 £ A5130000rpm % #8 2 7 BRI C, Bhik
% 100 200 300 40 500 600 700 BHRABENOELZD, 0.200EERE, AF IV I

Time [sec]

X1z SfEEmER (REEL)

SBWICTRYT 2. BIRERAEEIOEL %5720 181
2, HANNVTEENO &2, S520.380FIE
#, YAV AL — & —BHEGEF BB TRT 5, &
DEEAERD O, BEHRIRERRAIREHEY IEB LT
BT ENGND,

Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.



Vol.32 No.4 2004.7

HEHZXEBRBE LAY 7OHXF—E D EREIE Y X7 LOREE 327

o
s5f
=W
2.
88
©
Ss &
EE
A o N
o u
¥ 590 592 594 596
s 10000 e e o
h-a H
b e
5% QM\NN“WWme%wm
&'§ sooo T o
£=
[-R7) H
o .
o .
B! o
28 590 592 594 596
[~ ~]
;E Q. 2
3E o158
jrd
Lg 0.1
g O. OBp o
& o :
590 592 594 B96

Torque [N-m]
o

590 592 594 596
- L3
e
° »
® > ar
g2
L
25 °
<
Q
590 562 594 596
=
=,
= 2.8 T
gg 2 . : : 1
o 5 1V5w~wr—vwf—fﬁ1”.. e -4
] b RO FE T SO o
g : :
2¥ os . : :
25 2 : -'
g 59O 592 594 596
ad

Time [sec]

K14 REELEBCBILZZEOEILORTF

6.4 HHEOFE

MGT i3S E&M & LT, €O\ ER IR
Bllebh, 22T, BMELEHRBI A7 212X 550
R B O R & AV CTH T A A 2 0k & L 72 MGT

OEFEE KDz (K15), FHERILUTOHEY TH S,

T
P="gxiorTiRo W
60
ny = x 100% (2)
th thu
4l ’@;Ra:sSOOrm- ....... ,,,,,,, 4
—+= Ro= 6000rpm i 1 '
= M*@“' Ro = ZOOOrpm i
3 PR IEPIEE : ........ M D A
g
E ol PP PE TR
[*%) N
E :
E b P R SN
o ;
0 1 2 3 4 5 6 7
Torque  [N:m)

15 FEhFE—AW b vy LN E OBR

H1512 X b, &ff vy & RN 5 &
2, BEBPEINTEZ LB B, 2L, R,=
7000[rpm], 77 = 6 [N-m]D¥HE, BHAxFAB.75% L
P, FEEIENT L5 5E, i, EEREI
ZTERAVNE LT, WhE R D KD - 72O 23RN
ThrLEZONL, HMPEHEMZ LHAMEE S
SIZRELTNE, IVEVESRIEShLEEZ S
N5A5, SEOMGT (ZHMY A 7 VDT, BEEN
FREEEL 6V ERTFRHIE NS,

7. ¥&8

ARFFETIZ, #ATA A 2L L7z MGT % Hilfnt 4
ELTEMBEY AT 208217 - 72 BRALZEE
FIEEIC X D, MGT OBk AsKiEIc i E S,
BRI ANTITI00% 12 L2, T2, @FEEERPIC,
I E Rl B RSB X CBREL TV A I L Lk
RTEz, EHIT, BEHRERESRIFICEEL TS
CENHERTE, MGT O&lZelrEdil. —h,
BRI D RIFICEB L, S5 AR O S 25T
Lol

2 EXH

(1) Sk o, EHEE &£1FR8, EBRE, <A 7aF2A
F— U VIRBEM - B AT A0ORME", HBOEAAY—E
v EMHEE SR (2001), pp.77-82

(2) JIS B 8041 “H A& —VY YREHFE", 1989, pp.24

(3) WBEN, " T4 I INEIE", EWEE 1985, pp.88~90

(4) ARTHUR W. JUDGE, “Small Gas Turbines and Free Piston
Engines”, Chapman & Hall Ltd. (1960), pp.42~48.

(5) 8 AL, “BERTEA Yy by I ", &—FHEHK
(2000), Vol.28, No.9, p.40

—89—
Download service for the GTSJ member of ID , via 3.21.33.186, 2025/05/09.



328

BAARZ—EFREE Vol.32 Nod 20047

| eflasmdg =

6 NOX BRI P A A ¥ — & ¥
WMARES A7 A OB

Study on the Low-NOx Maximized-efficiency Optimized Reheat-cycle
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Abstract .

In order to estimate the possibility to improve thermal efficiency of power generation use gas tur-
bine combined-cycle power generation system, benefits of employing the advanced gas turbine tech-
nologies proposed here have been made clear based on the recently developed 1500C-class steam cool-
ing gas turbine and 1300C-class reheat-cycle gas turbine combined- cycle power generation systems.
In addition, methane reforming cooling method and NO reducing catalytic reheater are proposed.
Based on these findings, the Maximized-efficiency Optimized Reheat-cycle Innovative Gas Turbine
Combined-cycle (MORITC) Power Generation System with the most effective combination of adv-
anced technologies and the new devices have been proposed. In case of the proposed reheat-cycle gas
turbine with compression ratio being 55, the high pressure turbine inlet temperature being 1700C, the
low pressure turbine inlet temperature being 800C, combined with the ultra super critical pressure,
double reheat type heat recovery Rankine-cycle, the thermal efficiency of combined-cycle are ex-

pected approximately 60.1%HHV, 66.7%LHV (Generator-end).
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