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Performance Drop, 3 Steps Air Intake Filter System
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Aerodynamic Performance of a Cooled Turbine Nozzle

Abstract

FINER, I g

SHIBUKAWA Naoki ~ KAWASAKI Sakae
W MEer, Ak (B

TANUMA Tadashi YAMAMOTO Satoru

This paper describes the effects of coolant ejection of gas turbine blades on the aerodynamic and

thermodynamic efficiency. As the experimental study, annular nozzle cascade tests with various

coolant ejection were carried out. Film cooling holes or slots were manufactured both on suction,

pressure surface and trailing edge of the nozzle blades. Coolant condition was varied as well as that

of the main flow at each location of ejection. Additional energy loss by ejection is apparently

dependent on both ejection mass flow rate and its location. Mixing layer theory was applied to predict
the additional loss, and it obtained fairly fine agreement with experimental results. Also, steady

numerical analysis presented their usefulness in case of trailing edge ejection.

1. $ADE
HAZ—EroEilbe bz, ¥—ErEBOHHE
FERERT T E, BRERHAASY —E BT
fl, BEIERED» S D57 4 Vv 2SH, B» S DR E
HLU R OBHEIBELSER E R > T& T, —F, B DZE
THEROBLG 2 &5 T, BED» S OWREOWHE L i,
BEW L2 FHEEETPERD ORALOENEV & B
247, BEEIMOERE RS, 7 —E U BHIEIE
BHERD D, ETHHEEIE 1 ChHD0, EiRY
ADERIIZ LD & 5B HIRESENT 2 Z L 2E 2
% L&, BIMEEDBRFLGHBRY OB LEIC R %,
Hartsel®, Ito 5® i%, BE 7 1+ VARHL 25 ¥ —
U E R OEEEREE 21TV, IB& /8 (Mixing Layer)
ETNEHOIBEFEERRIEL T, 7z, Kol
len 5@ %, B2 OWHLEBREFE D BETVICE 28
REYEGFAHBRE ER L, EMEEE2EERL - TFER 2R
LTWw3, iz, BERHLUEESBYNCEAL T, HE
S5WIEHR, FEEFEMERITIC LD, WHE USHE & E
HEOBFEE R L oo AWFFER, WEl, EA, %&d» 5
ML U 7o L 2 (T2 IBEDZESEERICOVT, TR
¥ W NDRERZ B M T ORRES EE B R & 2T
REHWTEEL, EEOY — VT IRILOTFH
BEBETL2HLBDTH S,

ERERZAT 199749 3 22 H
* 1 BRWRZE  EERINHZCHT

T 230 MR R XRILET 2-4
* 2 RALKFERER TEHRE

2. ERREECHE

BRI 2750 kW BENR O TR & 2SR & LR
F—EVRABREEIC I DERL 2, K1 cHREY 0T
THBTEXZ, X2 eSS e~ mH

l%r-%i’

7%
IOTTH

Sy
7L 1NN
J0

M1 #HAFESO-FFEER

Pressure Side row of ~ Main Flow

Film-Holes @

Suction Side
row of
Film-Holes

PARARY A

i

Trailing edge slot
Coolant Ejection

B2 e S

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/0_7/(11.0 -



Vol.25 No.99 1997.12

HRY—E AR D i

® K ffER S -

1 ABEVIET
FRELMUE 48
#E (mm) 50.4
By Fa—FH(Iy FANXY) 0.70
T ARY b 0.75
BBEX/a—F (32 y FAXY) 0.022
BgAT Y NE /RS 0.33
R AL 1.16
=T FA A (deg) 0.0

x2 RBREM

A2 (MPa) 0.12—0.20
AO£EX) 325—350
H O# ) (MPa) 0.10—0.15
FiE (kg/s) 3.7-9.1
BYIH O~ v K 0.5—0.9
BHYIHO Re 0.8—1.6X10°
WHIZER IR LY 0.0—7.0

ZERIEY —ErER» SR L T, T, FEHEL, #%&o
3 RILOHAEEE > & BRI F N F N OB EIERAIICE S
N3,3 RMOFEIZMERNCEHE S f, F37 L THIFE ] RE
o Twb, WHZEROREHIEXITL T, EREZ
FELWIRE TR Lz, #EBEQO LiciEADS
B, &8, Rzl 3770 —7O%FHEL TH
D, BEEE SEAAE I — RO 40% TiiiE i 3E
FIH O OFE 2 2, JalE, FEEHEl D20 5 fL7 1 —
TONREBEIN TS, WHIZEIEHGE® & FEEER!
HAOEFEDRMABREOWNIHRANCE D T TH 2,
WEIFLE T LU 28 I3 48 Kf 5 T, 5 L7 o —
T L BEHINE Z O TERL 720 F 72, BIOME I
BEEHCEHTALMIL -2 2RE L CRESTS6
EEHHIL 72, R 1 R OFEMEREE, £ 2 WRBREM
T,

EWREHFE~NBEM=05, 0.7, 0.9D3FED &
L, &~unBucsf LT, WHLALE, RER/ S X b
Uy ZIZEL, 5150 OB % FEH L 72, WHISM
W2 & BEARI TR DZAL O HE & FHAIRERS O 5iE
EERLT, AABEOEELZIT LWLy FANVII
B 5 2RICEHANCES2E Wz,

3. HRRER
3.1 RFIFHE%

Z ZTREYIMRES 3.1) MR T = ¥ —HEE%
BEORNTHHS 2 dDET 5,

(L)

@&F0: b=y &, 1:EBIANO, 2 BHO)

K ORFIAOEE, HOLE, §EIE 70— 75H
EORAFAEMEEFWTWS, E~ v $x 3 EE
(M=0.5, 0.7, 0.9) ZLEELEOET|I v F A,
WEBT2GH/EFREKERREL G/ Gy &= 2L
F—HEBEME 4 OBFREK 3~5 1R T, K3 13H
8, B9 4 XfEE, K5 3EBERELDOBEERLTWS,
LA, BEwRHELICOW TR, REHR G/ G LT
AL F BBk 0EE 3T 2, WELEL OB
Bl ENEORAKEZEEREL, M=050k
E 1% LD, HHKRHL, M=0.5DHBETH 0.6%
MUEEZ2, Zhicx U TERIRE L OBE&X, 4¢ 1%

0. 8%
0. 6%
—&—M=0.5
—A—M=0.7
v 0. 4% ——M=0.9
%]
' /
< 0. 2% AN
0% 1% 2% N 3%

o0.2% | | 5c7%¢ | |

B3 BRI Lt b = 20w X — RN E

0. 2% T

-0. 2% T

4 FEAIRH LIREL & = Aov ¥ —{8nE

2. 0% ,
—8—M=0.5
- —A—M=0.7 |
: ——M=0.9
1. 0%
2 \R
% 0.5% ]
< —4A \\
0. 0% ,
0% 1% 2% 3% 4% Ns\e
-0.5% Gec/Gg
-1.0% I I

5 HREBWH LIiELhr = xovy —EANE

Download service for the GTSJ member of ID , via 216.73.216.204, 2'0'2'5%)1/01_



™ FATERS - HRY—E L GHBROEHIFHE

HARHR S —E 25

Ge/ Ge DMEIIL TH—E D L L BB OMEE % 5
To COEIBMHLMNBIZ L AERIEHO L 2V
F—INXEFEZ 2 LD ERRCHHATE 3, %,
ol 5D BWH THEICIE, BEHIEKERESERA
AeFE & D {EW®, BEHROEYE OO LE IE
T3, G/ Ge DHMFET XV F —FEOBSHE
B o BRIZERT 252, AT b IR ER
T3 e EABINE AT 5, REXSERALDSE
% b[E] % EEEH T3 USE Uizt U THREMSHEDME T
T2, BEZ DWW, NMNREOWRH LIS ADEERL
LOBBENSLETHY, BECLLZ2EROEFEET &
BHIERDOSEEOTFESHZE L THEEED F VELL
W, 727PL, AR —EVEEIBLTIEER LB
ERDBEEDPFEHICREL, BREFROZ IV E —(&
T 2BEPXENE KD, Ry B L5 E—
Z VOV OIHER, (OB ERZBIIBOOEBEDK
ML DTH2, RHELIC X BFEHEEVERET
bUERINE & b A REREY T 5,
3.2 BV z—IoFAR

W LI & 2 BRTIMOBEEBI RO Y = — 7
R oBRT 2,16, 7, 8 3FnFnTEWH~ v #0.5
TOEE, EHE, BEREL &Y > — 27 ALFEE R

0. 25 T ,
—{}—Gc=0. 0%
0.20 —~—hA—Gess=1. 0%

—O—Gcss=2. 0%

0.15 ﬁ&
%- 10 '&
&0 Xﬁ

0.05
0.00 1 %ﬂ— |

0 2 4 6 8 10 12
005 Ll lmE@@E@el | |

6 HHWRLLIZLSY z— s BREMWM=0.5)

1 I
—{—Gc=0. 0%
0. 20 +chs=1 . 0%
—O—Gcps=2. 0%

v | A g
A

0.00 " |

0 2 4 6 : 10 12
| B BT B (deg) | L |

-0.05 I I

M7 BRERHLICESZY 2 — 7 BRE(M=0.5)

Col DEALERL 7DD TH 5, 6 & 0, 1%EHIKE
L2 & D EREEHOREC L 2B 2L F —HEBE X 28
KT 205, 2%RHE L TRV LTL 2 2 Ea8bh
%, 7T LV, BEAMRHLIZY = — 27 BIRIZIZE A
EREBEREEZ W EBbh b, BERE LIZDWTIE,
Gel/ Ge=1.0%, 2.0%DHE, IFEMHEICOWTY £ —
ZIEHBIEAL, 3.5%LL ETIIMRH Uiz & 2 B ER
7z — 27 DEANCENTL 2, FAD 7.0% TR L
DEEHER & AN K-> - IBAMEERSKEIT X 5,
3.3 BEOEE

ZEESH A F — B BT IIEEEF D & OWH USE]
BEORHVONLHENE L, M, B, BERELI
L 2 IERESPEAETRETH 200 B3R LEEL
%o % Z°C, 2{EFTH B\ ik 3T © DR LS5 %
ELUTHEEERTHE L 72, B9 X3 (SS) WL 2E>
BEwoOwT, B (PS), ## (TE) W L &
57 x— 7 RECDEEGR TH 2, BEHWRHL O
ENEPTHDL L, BERELOMIMCE 22—
@ﬁMEﬁ@%T@é:kﬁb@éoit,ﬂ?bfu
RS, BEBOADOSWHE L IBE L, Z IR H
L%ﬁMbt%ﬁ@71~7ﬁﬁ?ﬁiﬁ&f%%;t
biEr® oz, 22T, M3, 4, 5»h o1y, B, %&
D AE % Ge| Ge DEAFE L TERILL, EH®REL %

0.25 T
?@ ~{3—Gc=0. 0%
0. 20 /4 —A— Gete=1. 0% \
& \\ —O— Gete=2. 0%
: \ —0— Gote=3.5%
0.15 — W Gote=5. 0%
—A&— Gote=6. 0%
:’% 0.10 —@— Gote=T7. 0%
A
0.05 i
’ A
0.00 .
0o vep® 4 6 8 10 12
—0.05 L l | MBetsE (dee) | l |

M8 BERHLWEEZYz— 7 BREMM=0.5)

0-30 T T l
——Gc=0.0
0.25 —fr—s82. 7%
—O—s552. 4%+ps2. 7%
0. 20 —O—s52. 4%+tel. 3%
. —{}—s5s2. 4%+ps2. T%+tel. 3%
o 0-15
Q
(&)
0.10
0.05
0.00 il
0 4 10 12
-0.05 L— ! L AEHE (deg) I 1

9 BEEWHE LWL B 2 — 7 IREIL(M=0.7)

72720, Co0=(p01 — p02i0car) / (01 — p210car)

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/(WOZ2 -



Vol.25 No.99 1997.12

HRE—ESHABEOENFE

= FAFER S -

1.4 T
& BT L
{3 | W2hFREL
' A3HEARE L
]
1.2
A
b
1.1
K ]
1.0
0.9
0.8
0.8

1.0 1.2 1.4
F—HR—Z (2 &5 FHE
B 10 fBERE ORI

1To 1B ED AL 2 FHIU 72, B 10 X FHIE 2 #Ehe &«
D, FAEZRENCE > TRLIEDDTH S, BERIEK
HUELOBEEDEEREZ1ELTRLTHD, WHLK
L DIEELSH 13BN 2 7 — A BT b RERAL
DIEEDERELYICL 2 TFHBIEETH L L 0WE D,

4, HEEENT
4.1 BRI

Bl U & RE S AT D W T 2 IRTTRE IR %
U, aFEIRER L L 7o, B U ik i EREE S £
e A b —27 ZAHER k-e ZAHBRE TV EHO I
FIRFFIETTIE ©, IBRDOFEE & 4 2 0 EIZE S ORI
LER o D A R E 2 m) E & ¥ 2 f- 1 MUSCL #
TVD A F — A BHBEE LERIBEZED X £ — L0060
R L Too TSR ERBREGZ R TR 2 LE—F
HTEMU Tz, 72 LETR< v 0.7 IAHYS T 5 &4
BEEIRU 720 B 11 WEHER T 2R3, TMBEFFMIEA
COBER T2, &F, MAMAL, HOBERCHEZEHH
WRE—HT 2 I35 10527, WHELEMEZ, EEED
WHL AV v MO TER, 2F, WHUAEZEZ
o BIBBFTEMADER—E L, WHLUHKELIERE

GRS 2,

4.2 PENTRER

EH L 78 2 — F ORERER D 72 » BIEFE S0 %
HgR L 7z 12 13, HEWH L OB WIBE OBES T
B DD, fEATEEFHAMEDS L {—HL Tws Z by
2,13 BEIITHOEE S 73— AFER 2GR &
HELizboThs, HElZEOHA AR EZIE, BHKS
FZETRLTWS,

HEDOHIHME IHITELI R E 2> TWwBD, WHL
DEM L EENEL, FuRHLick>Tyz—7
LD, HBECY 7 P 28EFIE L —ELTw3,
B 14 2RI = 2 V¥ -8R L HBERH LitEL & DB
BRI LD TH D, W LI L 2 HEEEMEIE
AT & EERED L —F L T0 b Z 03550 5, AIEHT
EHOWE, wHIEERC T 2EEEME 2 PHIT &

Download service for the GTSJ member of ID , via 216.73.216.204, ZUZE/z%OT

11 2 RITHE AT T

1.20 ’ 1

Pressure Surface

1.00 e e ]
\q\\ s\\
s, &‘*m‘,

- 07 "'.h‘;b.é»
= »
& Suction Surface
A 050 |

0.25 |

I
——8— | Computed(Steady)
® Experiment(Present)

000 — L 1 S
00 02 04 06 08 10

Fraction of Surface Distance

BI12 EEFESN O (KH UEL)

1.10 I I l
Computed(0.0% ejection)
—=a——  Computed(3.6% ejection)
——e——  Experiment(0.0% ejection)
——a——  Experiment(3.3% ejection)
1.05
S
&
1.00
&
0.95
0.90
-250 -2.00 -1.50 -1.00 -0.50 0.00
Y/Pitch

M 13 #HBBERHLICL SV 2 — 27 B O HE(M=0.7)



= F AR 3 -

HRY—ELSHBROT

1.30 I I I
© Computed(Steady)
125 ————A——  Experiment(Present)

1.20
1.15 A

1.10 é//e N
1.05
1.004¢
0.95
0.90
0.85

.80
08 0.0 1.0 20 3.0 4.0 50

Ejection Mass Flow Rate [%]

Energy Loss Coefficient Ratio

14 wEwH LR A ¥ —HEWM=0.7)
%o

5. BERTFAE
5.1 BR&E (Mixing Layer) EFI

Hartsel®, Ito »® ORGEHRRCEHEEEZER L
7z Kollen 5® o FEZ AW CBEENEZ FAIL 72, K
15 KEFNVREERT, ZOMERE, BHZEROREGEE
melt, RBCEEL5 27, BEOIER THILIIAE
THDEVIREBIZETOT, FWDOH 5EE o DR,
KBWORARROR, EiE, —x V¥ —REX%
ESHDTH B, FEREAEZN (5.1 ~ (5.3) WKrT,
72720 Co WBEC LS T—EE T %,

Weolheoo + Wclhc COS Qe = Wimlhnm (5.2)
Woo Ttoo + Wi Tic = Wim Tim (5.3)

EHXEY, BEERO Y NB M 255K (5.4) DX S5
KOS, po=pn (FERE) THL I LD SREHRD
2 pm I (5.5) KDVEHTE 2,

_ 04+ 8)(Tat ETe) A+ (£ —1) /2 M)

1/ M [€-(uc/ux) cosac+ 1P M2 Trw
k—1
T2 (5.4)
P _ [14(£—1)/2- My?]et 5.5
P ™ [1+(k—1)/2- ME]& :

E = nic |t
Kollen 5 O FETEHEIIHOC B TREE & £
EDBRBCLVBELET 2ETVERAVTLSY,
ZZ T Ito & LR, FHRADEZ A EEIIHOWK
bEAL Tz,
5.2 IR LENHEE
BABETNVCERT 2WRH LFEHE . 23 (5.6)
IDEHLZKI61ZRT XD, EROFEFTRE

le
t Tim

15 BEEETN
T, &, m BERE, u: WE, o BEBIER,
oo DIRARIOER, s THF (2 7ED), ¢ BH
=R, mREE

1.0
. L -aizmmzﬁhz/;%lﬁmfé‘%mﬁm i
0.6
° . (-
0.2 .
0.0
0.0 05 1.0 1.5

EENE ou’ L (BAES/EHR)
BJ16 EEWHER R L ATINEE

FHRRFEOMNINEESEL, £ DEE W BHAIZRON
FHREH R NI DIEEEL W,

ue=[2gx/(k —1) RToc{1— (pex [ poc ) P} ]
(5.6)

ﬁoa’:ﬁ00_<hl+ h2>

Toc - HAGIREE, poc I HIERE, Do - WHEIEREF T,
Kl EREEEE, K2 ATHIER (R16), R © 7 AEHK
5.3 FAE & DLE®

BIEOFETER U RE LIR#EE AWicERE %,
17 GEED, B18 (EED R d, BEBEE 013 0.07
YU Tz, HENC DWTIE M=0.5, 0.9 THEENE & THElE
NI —HL T3, M=0.7D % SHEL 1.8%FiL
TRPTUBR SN2, ERED & B OABLAL
HEMTH 3 2 & 2ERT T, SN BIFR FHERSE
THDHEVZ D, EEWCDWTIE M=0.9 TEIKEL
BB, M=0.7, 0.5 TIEREr2MERZFHTE TN
%, Fiz, THIREZEOMHEIHEIZ/INE W,

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/0“77014 -



Vol.25 No.99 1997.12 2RI —E L SHBEOE Y w ISR -
0.7% _* T 6. &
0. 6% ,ﬁ e e T . C H R —EHIEOSE, W, BEREL, B
0. 5% / —As Z,;ﬁ 78 RS 5 2 2 BRI S 1z L,
e / e R, B, R OWH LISk 2 A ERA D

@ / /*,—-‘— "‘\\ —N— MfOJ’Ffﬂ'l BETHB I EERLI

oo 7 Q?\ | —O— W=0.9F A - 2 WRTTREHERRITIC X 0 BB L R 1 S BYIMAE DT
0. 2% ; r BN \\ HAFRETH S Z L &R LT
0.1 Ll ANy S, - EFERGOREC & 2BAEERIC L VRE 7 1 Vo
o rr% Sl WU LI & % BERINR 2 2RI PRI S 5.

0. 1% 1 1 ! Gore ™) a3

0.2% — 4l — M=0.5%E
— A — M=0.73RER
— @ — MN=0.9RE
0.1% —— M=0.5FH |
—hA— N=0.7FH
—O0— M=0.9FH
3 - — P A,
40 0% :,%\/ A
<] 0 S~ - 1 N 12 ﬁ‘.‘
S~
0. 1% -~ ~ \f\ = =< .
T -
Gc/Gg (%)
-0. 2% i

BJ18 A vF —HBKRTHIE & SEHIED Higk (EH)

SE30R

(1) Hartsel, J. E. : “Prediction of Effects of Mass-Transfer
Cooling on the Blade Row Efficiency of Turbine Airfoils”
ATAA Paper No. 72-11, 1972

(2) Tto, S., Eckert, E. R, R. J. Goldstein : “Aerodynamic Loss In
a Gas Turbine Stage with Film Cooling” ASME Journal of
Power, Oct. 1980, Vol. 102

(3) Kbollen, O., Koschel, W. “Effect of Film Cooling on the
Aerodynamic Performance of a Turbine Cascade” AGARD
-CP-390, Heat Transfer and Cooling In Gas Turbines, 65"
PEP Symposium

(4) Tanuma, T. Shibukawa, N., Yamamoto, S. :
-Stokes Analysis of Unsteady Transonic Flows Through Gas

“Navier

Turbine Cascades with and without Coolant Ejection”,
ASME Paper 97-GT-479
(5) Yamamoto, S., Daiguji, H. : “Higher-Order Accurate
Upwind Schemes for Solving the Compressible Euler and
Navier-Stokes Equations”, J. Computers & Fluids, 22-213,

pp. 259-270

Download service for the GTSJ member of ID , via 216.73.216.204, 20257‘07705.*



BARATRY —EFREE Vol.25 No.99 1997.12

| $fiTamS =

F—RiBRBT 4 =NV Y Dy F o 7 iEICBT 25%

Simulation of Turbo-matching for Diesel Engine
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Abstract

Diesel engine has been widely used in various areas due to its high thermal efficiency. For purpose of

energy saving and environment protection, it is now very interested in re-utilizing the energy involved
in exhaust gas from the engine with a turbocharger. So that the thermal efficiency of the whole engine
system can be raised higher and the emissions can be reduced to a lower level. A one-dimensional
model of the engine pipe system was proved to be effective by using the data of motoring experiment.
But the engine is actually running under the firing condition and the effect of heat loss remained to
be further studied. This paper used Chilton & Colburn’s Analogy to calculate the heat loss through the
pipe wall, used experimental equations deduced by Annand and Woschni to calculate the heat loss
through the cylinder wall, and made a matching simulation between the turbocharger and the diesel
engine both under motoring condition and firing condition. As the result, the precision of performance

prediction to the engine system was improved.
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Numerical Investigation of Transonic Compressor Flowfields near Stall

Part 1 ; Examination of the Flowfield Transition along the Design Speed Line

IEAR RIE,

MASAKI Daisaku KAJI Shojiro

Abstract
A variety of phenomena complicate the flowfield in modern transonic fan/compressor rotors. Among

them tip clearance flow has been widely verified by measurements to have a dominant influence on
both efficiency and aerodynamic stability of fan/compressor rotors. Hence understanding the details
of the flowfield around the tip region is essential to specify the loss generation mechanism and
stability bounds of modern fan/compressor rotors. However, conventional analytical and experimen-
tal methods having various constraints cannot investigate those complex flow phenomena inside the
rotors. On the other hand, numerical analysis has been able to provide an alternative measure in
recent years.

To meet those requirements, this research aims to analyze numerically the detailed flowfield around
the tip region inside a highly-loaded transonic compressor rotor, using a newly developed three
~dimensional TVD Navier-Stokes solver. The flowfield transition around the tip region with 0.59 tip
clearance is clearly captured along the design speed operating line and the detail of the three
-dimensional blockage structure caused by tip clearance flow is well resolved. The steady flow in the
rotor fails when the edge of leading edge vortex issued from one blade impinges on the adjacent blade’s
tip leading edge. The results also show that close to stall, tip leakage vortex (leading edge vortex)
does produce high blockage at the rotor inlet plane around the tip, and this blockage is essential for
inception and propagation of rotating stall. This suggests that the tip leakage vortex (leading edge
vortex) plays a primary role on the failure of steady flow or stall in transonic fan/compressor rotors.
A model will be proposed on the onset of tip stall in transonic rotors based upon the calculated results.
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tex &EEEY & OBOTENRFET S I E2RL Tnd,
surge point TIX, ZOFHIZLY, HiGHEREERKO
suction side leg D AR E L FHEL TBD, £ < OFHE
WBOWTERAIRNTW B Y —Y 7 1 UHETOEE K
YEOME & EHE Bn—BERLTWwS, £z, 20
EE P DR E S AED & tip leakage vortex & DT
O, EEEOERLFED S 4 % high blockage core
DEL, < v BERERIC B TR R O BRI B
Fh-EERE L THATWS BEARKE S, 9, 13, 17
R, EdhoT¥iE, @EArMmESEN TR LD E tip
leakage vortex #3, T ERLD, WOHHESIAEE M
S EEW AR AETRET A I EICE>THELS
bOTHb, ZDOFER, MNOAABERLS X 5ICK
X L R EHRRASEREERCERINT
high blockage core T %o 3 KITHEFERD & 13,
= DAER N T tip leakage vortex OFBIHE 3 IRTTHVIZEL
n, BOEPRHERIPEHE D I ENRTENS,
Z @ high blockage core DEBEDFE L, choke point
T1X 96.0%span fHEE TR H5NS (K19, £722D
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mull

RTlx, TR tip leakage vortex & DB H » £ 4 85T
B, FWEICBW TIRIZEA#ERE O AR & LTHEM
TWBDNRG»5, Z 0 high blockage $EiE X, TFED
PRI BEFNBEEEER 2N L>TE T % tip
leakage vortex D&)X IZfEv>, “surge” point IZITD <

WONTHIZCETINETAICHETL 2720 TE%L, 20
S R RN TT A /span AAIFICHEKR S 2086, BEER
D tip AED AT TV T W (K20), 2 LT, leading
edge vortex DB BEEE O tip Bl IC IZ 12 ) 5 I

%5k (K15, 20), NhBEFEEEELED S (K
18). COBEFE LOIEEFEDOHKIL %, EOhERIK
RV — YV OFAE L AFEMIE U3 i TEk
Vo L L, BTFESEREGEEENEEZ NS

bOELTOFERTELLAVWTEY, £ TOE
B A TRLC/$T XA —% —, timestep # W TWT, H
5 OMAELRIE, O surge point ATl BEF I
HRMEER L TVwBZ e 6, ZOREEDFKELKIE
BRI L3 EidEz s kv, —F, K6, 10, 14,
BIZRT ZNENOIFE R TOPCRBERELN TR & 512,

X 18 D& D AERZEH tip HTEI 2 HL & LT L

4 tip leakage vortex ®&#) (Choke Point)

SIRENL CHELIED 5, 2 OB, BRI A% Kig
INER TR EFRE L RBM, 7515 L EREMRE
L7 E 2870 %D T, INKE XEFERNOGFER
W#ETHD e E2RL TS, B3, 7, 11, 15 # g3
5, WABIZHE Wb - YA ER L, leading
edge vortex DR D tip BB £ X2 @ » D 1B
DTWHBEVNS IR TTH S, 15, 16 2~ 5, surge
point TIXBHER O tip B X, ZORIAROMET 2
leading edge vortex {2 KA TEA LD T 5385
TH3ZEeDnhrbd, REFEW time-accurate REHE T
HbIE, RUHTZROD, FERIZIAICXTT 552 O surge
point TORS FVLEFREICAND &, BHEED tip Al
BZF DORITHAEDE T % leading edge vortex 12 A
TERATBHILILE>T, NSBIFEA 7 — v oflh %
o 7eIEEH S ALY B R tip AT (DL » & £ R
Tw3EEZ6NE, ZOLSRET TRER LB
NN DOFEIINEETH 5, 7z, b L leading edge
vortex D% /R 3 BIWTE DR tip KW B W TREWCEH
BOAOBEBLDETAHICHTLE S &, ZRIEEEFIAD
AT CEFEE SR EICAK K> TLED 28

--- Core of High Blockage
Thin Shear Layer

Leading Edge Bow Shock Passage Normal Shock

Tip Leakage Vortex Region

Flow

Rotation

5 T OERK (Choke Point)
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B2, FOLIBEEHERMENECHLEN
FTtip HIRBECEKELTCLEITHSI, 3561,
@ surge point IFEFEREE & L THES Lz EHEREIEE
(M 2) OIEAICEEL TH D, — Rk EREOIEE
Bk R EMRNIC B ERTE TV, o7, ZOFE
FOIEEEEOFKRZ, VENLEHKL BDOTHY,
% 7> leading edge vortex D# % 7~ 3 BIWTE D FRH B
B tip B #» RS ZOEOBTE 7 7 /1
O EBRNOBAOBERLREZLTRVWEEZ S,
Euler EFEOHS R L i 2 & (K 21), HiGHENEERIK
OBEREERES S IF RS RO TEEBNBEONR
{20, FELLWHRERZRELTWS,

2D Ed 5, tipclearance SV — Y v — Y VICHE
BRI THEMESHEHEIT X 2,38 b tip clearance # 3
23 & clearance flow OFE I 2 5 72 ®, leading
edge vortex AR ICE XHTAE L ZDEAVK
<AL (high blockage core ¥ K% {¥K), £oT
leading edge vortex OO BHERE D tip A ICH» 2
DHELED, IEEEMHOE D F F %, tip clearance
ERSTE IO D, £2K 11, 15 IWEAYICEKR

8 tip leakage vortex (258 (Medium Condition)

REREEO, B0, BERY 7 v/ EEREEOLH
AUTEE T3, tip leakage vortex i3 tip A OEHESIAL
HEICBWT, FREEISEDOFHE L EBICLETAI R G/
blockage #ED L T3, Z®D X 3 7% blockage I3[
BROA VYTV AREEERIZLE S 2 OERIRE S
22 XBHETHD, 12, ZhsDOXIZ, BEH
7 7 o [ FEAMERSENE o STl s R T, EER AN SR Y
2BIIBETAEOEELZ T LAY ZIT W, Mk
B 2B IIAETL2EDOEE SR % D leading edge vor-
tex BBUTHIZTA I E2RLTWS, IR
SROBBICHNN R ERETAEEZLL L&, FRIZE
ATWS, BEOHRNZIIFELET 2 TH A 5@5 DM}
A EEEEILIC X > T, REAMMITHL 1 DD
E (D leading edge vortex H3F[ /5 ICENAT, BHEED tip
BTG cE» 2 0 ZFORTACHTLED &, A YT VA
b AR L L THEEE O leading edge vortex b BjE
FIACMEE VEIHICEE72L, IhodkRe LRFR
CHET HAMREMN H 2 Z L CEBT 2RETHD, Zh
5 DOMEMAIE, tip clearance flow H3HERIKEDFHIL & &
BrEEEADL > TV IR EHI R T LD TH %,

Thin Shear Layer

Upper Passage Normal Shoc\k\
Leading Edge Bow Shock

~——— Core of High Blockage
/Lower Passage Normal Shock

“Tip Leakage Vortex Region

Rotation

9 wnEoE=R X (Medium Condition)
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4, %

INEFTHELINTWRIHRZ2LTIRE & 5,

BEH T 7 >~ [EMERBIRTC 8\ T, BB tp

leakage (leading edge) vortex DTS % D42 IHIE

EMC AR e B E R T,

- tip leakage vortex DFLE LI, BEE 7 7 o~/ EMmEH
TREBFEOMNBIZKIEENTWS,

. T2 = tip leakage vortex DRI TR LT 4 L

TWn»3,

Z DEEY - tip leakage vortex OREMEDEEIC

F A E 12 13 70 W high  blockage D% & 7 % $HI,

(high blockage core) 3FE{EL, % Z TOWMILIIMRD

TEATWVES,

B LT 2wcoh, RUEEHRKIIFTHICEEIL

GBI A BE W & —R(L L, £z ffu tip leakage

vortex % leading edge vortex &% %, THWHE->T

_E#Ro high blockage core %, HIZBFRTHICH T¥k

BR0TEL, 3 5ICBERD tip AT TV T

<o

BEIND H 2 BNFELE S ¥ % leading edge vortex

D Z ODREFER O tip AT IZHE» 2 &, BIIN

DOWAFIEEF iz b, tip stall #5[ &L I3, 20D

L E, BEEEO tip BB HFEOKHE T % tip leak-

age vortex W RKMATEALBEO TWAIRIIWZHD,

D& D IR T TIREF =BT O T REE

TH b,

c BEE T 7 v /MR ORE AT, tip leakage
vortex i tip fHEOEIEFIA DEIZ BT, FEREIFKE
DRB LR LBERARZE W blockage 2D 1
LTwa, 27BERT 7 v /FERERE O FKE ZIRE D
tip fAHREDFNIBIZ B TIE, BRI EE T 2 Ei
BT AEROEERITLA LRIV, MY
L2EDA YT RAREET 2ED leading edge
vortex OFER, FIZRIT T3, IHIERIEED
BEICHNN R EEAAEEZ 5 L ERBIZEATYL
%, IS DOMEAIE, tip clearance flow ASEERISEE
DFIR L R ICEERDL > T AR 25 RT
DTHD,

SR
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Numerical Investigation of Transonic Compressor Flowfields near Stall
Part II: Influence of Tip Clearance Height on the Flowfield

15 NN (S /=

MASAKI Daisaku KAJI Shojiro

Abstract

A dominant influence of tip clearance on efficiency and aerodynamic stability of fan/compressor
rotors is well-known and has been widely confirmed. So it is increasingly important to understand the
detailed flowfield around the tip region of modern fan/compressor rotors. Conventional analytical and
experimental methods have several drawbacks to examine this complex flowfield and were not
necessarily successful in finding out direct relationship between cause of aerodynamic instability and
specific flow phenomena inside rotors. On the other hand, CFD has been able to provide an alternative
measure in turbomachinery flow recently.

In our accompanying paper, the flowfield transition around the tip region along the design speed
operating line was clearly captured with 0.59 tip clearance and the process in which the steady flow
in transonic fan/compressor rotors breaks down into tip stall was qualitatively resolved. Based upon
the calculated results, a model was proposed on the onset of tip stall in transonic rotors.

In this paper, the numerical experiments are conducted by altering tip clearance height in order to
examine the effect on both loss generation and the onset of tip stall and to verify the model proposed
above. From a qualitative point of view, the model works well with 0.259 and 1.094 tip clearance as
well as 0.59% one and the conclusions drawn in our accompanying paper are numerically validated.
Also our numerical results show that tip clearance has a dominant influence on pressure ratio,

HE R B2

efficiency and stable operating range of transonic fan/compressor rotors.

1. & &

7 7 v MR ORI B L O E T OB &
&3 tip clearance DXACHY 7% B2 BT X B HERIZ B < 40
Si, FHINCBWTA LRI N TWEOO, 5T,
RO 7 7 v /[EMEBEA O, i tip fHIOFAED

PR EAIS 2 L E, BPRKRUEEEOHES S TH
BTHs,

LirL, ZOWNE%ERRNZFIETDH 5 HEimRENT o
%&Tﬁﬁ?% Lid, L DEP ETTTRETH 2,

m, 5DOFEFHBERNCB I 2BERED AL =X
Iﬁ%Tﬁ%®%ﬁ®El%,ﬂ¢%t%ﬂﬁ%

w%ﬁﬁﬁ%:tm&%bfu%t@%iﬁwo~ﬁ,

SEEFERE LT X -8R (CFD) 2 hs2o0

FERSZAT 1997 £9 H 26 H
* 1 JIIFETHR
T 673 FLERBALT)IIEHT 1-1
* 2 HEORSFELEES

FRIONT 268320 - /i FRE2RBHETEL LK
%o T &N, ZOCFD 2#UIRRED S L CEETIN
WA L, TR E 3 2 7 OSSO ME HSFRfE
TENE, e OEMZMEEL2 X VDRIV
DRETELTHAI, £z, IS DOFEMERICE I
T, BEFKEDAH Z XL, BHWRLERREOHKI
WL T s pDETVERETENE, ERICL->T
MEAEZITOHB W O EREH L2525 2B TE S
TTHBEEZ TS,

AT, RICFHHZFTEFERLE S LT nEs
HWEMEHEI RN O NS % CFD & Fv THIE#ENT L,
FEEIRIE R — 2 Lo e BN AL ETR DR A

RIS 2 2 L kRS, BRIINOEERNBEIEICE
2B % EHERICEA S 202 U Tz, 7 O#EER, tip clearance

2, BERTERERRNL OZENNZERDOER KT
THECET 2YENZETVERE L, 72, tip
clearance flow 1%, FEMIZEROFEBICB W THEBENR

RHE R LT BAEE R R U 72, B IR %
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BN, FRNOEIIWRERNT L, UTD LD

Wb, $5bb,

- BEHETEREBRERANOEEINAL, BEINOD 5H
@ tip Hifgk» & i X L5 leading edge vortex i
D3F DBHERE O tip Bk IC 5D 0 o KR B2 IHE
LiB® %, 2 OFF, BHER O tip B IZFTAEOH L 72
leading edge vortex IZ KA TRAT SR & &>
TEBD, 20O L5 TRETTEEVNOERE RN OF
IR TH 5,

. tip clearance I clearance flow O¥iE %2 XET %,
X - T tip clearance Z¥E%9 &, tip clearance flow
DFED I 2 % 72 leading edge vortex HS[H#EFIZ
BB TAE L ZDOHAVRKES IBRL, 0B
EH tip HiFIC B 005D R0, EHAELE
DOFIL LB F 5, tip clearance 2k 5 & Z O %
b,

- tip clearance flow & % \»|Z tip leakage vortex i3,
BER 7 7 > /ENERSEI RS O I ST B W T, e
[E 5 DFEER & ARRR AR K 72, B> blockage % tip
HEOBEIIAOBTIEIHL Twd, 35I2ZDE
&, tip e 8T, MRV AN 8T 2 B idtkie
TRAHEROFERLIZEAEZIT RV, HIERETE
DA T > AL ET 5HED leading edge vortex
DOEEREITZT 5, Z N IIHERIEEDHEE N
R AEEEZD EE, NERNTHDE, ZDLIL
TN DOERLIZ, tip leakage vortex BSHEEIH 0D F
HEGRRCEZBED > TWAREEEZERE T 2 b
DTHb,

BIZRTiZ 0.5% span tip clearance CTetE #1T\vy, Z
ne D257, 403, tip clearance B & 2% 2 T
FEREDFFEEITV, HIENCS S A ic ki OB R & fEE
T %,

2. BUEREMTFE

STHOATERIE, o HhE D W AR Q THEET 2T A
b EEfE R T & e 3R I Reynolds-averaged  full
Navier-Stokes /5230 % —fit HifR FEAL R T OHRIERIC
ZHLI-bDTH 3,

ot T o8 T ap TToc
aE’y 8ﬁy 86'11 T

ZZT, EAMEFICHS &,

o oU

ou oul + &xp
Q:% ov E=% ovU + &p

ow owlU + &zp

e (e+p)U—éwp

0
Exlox + EvTay + Extun
E,= % Extox + EvToy + &2Toe
ExTox + EvTay + Stz
ExfBx + EbBy + E282
0
0
T = % Low (2)
— Qov
0

Reynolds jis /75812 B8 U € 1& Boussinesq #TEL 23 EE D 37
DELTED, HHEEREEEARBEEREIRD L S
WEEHEZ SN 5,

L= it

M M M
Pr P?"z P?’t (3)

grREABETVEL TR 2EBRBE T VTH % Bal-
dwin-Lomax €7 VY O REE® 2 Hwiz,

#t+ & % it Harten-Yee @ non-MUSCL # implicit
upwind TVD scheme® % F\v>, Roe DIl Riemann
solver DHEAIZHAE S 2HILD, F - RR R RERID
falza s &5 WHREBEWEEILL Twvwa®, Rt
HiZHFLES ZHWTHEM LUz, BRL Xy —F —i2iX
LCI-full matrix operator® % B> CH:E 2 IRFEE CE
B Tw3, KEHEZA i global time step sequencing %
70, »—2 54 i3y F AR BN Z EE TR
NDPHET ABIRMETH 2 EIREL CEY 1 ¥y FED
T2 EAL, REETEE VT, EERLDOEL
TR T T Fa—F9F 5,

BEREEOWD PN IFROHBEY TH D, MABEMATIE,
1 IRITTOFHIEECE DWW T, &7, £F, EELHEE &
BAAHE2HEL, Riemann TEEZ4ET 2, b
BHR T, BEEHE IR ENEL, PEERIcE
S EXEITEHET 5, hub, casing K OB AL FL I M BEE
£ LT\, non-slip &fFE2FR L 7o, FIABEFIIIES
3 ETOYEEDP—IT DR L 72, tip clearance EH
3E tip ER#EY) - TRBZGR2ERL 72

FIHHE I3 € T OFHE I BT inlet hub O—KEFi» &
impulsive start LT\ %, KREHTTIE, HIER & [BERSES
2 EEREDVIEZED S D AHAEOE B2 b o, &
WEWZIGR LT b D EHRIL LT3,

3. AR EEE
B 18] D BT iE 0.5% span clearance D354 O EHT
275729, SE R CE Ttip clearance % 0.25%

“span & 1.0% span @ clearance 2% 2 T %179,

Bl TR DR & B UetEdREL (49000 r.p.m.) T
»3, BTSSR TH 2 BT RTHEREIEY OB HEE
TOFEFETAERLRXRT, tBERTE2X 1 CRT, #
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HIECVERR U 72, 155X 31 %31 AN C HIRFTH 5,
tip clearance WiZ i, 0.25% clearance D& 1L 3 & 2
X %,1.0% clearance DIFE L 5 A 4 EIVERREL 72,

BiE DL TIE, design speed line 12 - 72 AL O
EBOETETL 72 (0.5% tip clearance), Zh 5 %
2~5 1R L TB L (clearance gap NOFHxt Mach %1
EER T2 CERFEME0.05), 2he DXL, HE
MMEW & X IIEMEEEFEFLE tip BEIC L OMED
B S MEEDOEHIZEIIC X D tip leakage vortex »H
EHT L2, 3), FEFEL kY, EMEEEERN
DSRIA WCEE) U CHIBBE R & — b3 2% L, Zh
2R tip leakage vortex OFs4: S Y H tip BBk BE
L, leading edge vortex £ L CHLET 2L (M4),
RO WHEEL EF 2% L4 leading edge vortex DX
HABHAT S Z & (K5), %L T leading edge vortex
DOBOBEER O tip BiIC S Do T2 & BICERETRAY
WHET 2 2 L 2FHICIRZ Tw 39,

In%zdb E120.25% clearance DFE DG DR
FRMIFL T (clearance gap NORET Mach %2
ERR  FERRRHERE 0.05), X612 0.5% clearance choke
point LRI UEEZE 2 EEOHRNEZRT (0.25%
clearance choke point ; tip ¥iiE) ., RIEIO#RkE CHE LS
7-HESHE D, tip leakage vortex OBE & Hi ¢ A L M
OTEAWKE B L TWBE Z e, K2 L&Dy
SEHS IS B, T, tip clearance ZIRA S ¥ 72
ZrIZkD, I EES tip clearance flow DFHEHK
LU, FDOlHEWIC L > T tip leakage vortex BETF
BhizcHL oo THD, £, 2 EHERL T
EEWF OWLEIRY, HEEOMEIETERACHAEL
TWB I EREEINTIZW, Ihid, tip clearance flow
DWME PSP LIz Z Lk Y, ZOBEREZIR - 72
72T %, tip clearance DA X I OMHID & bEEIH]

CEEANCAER T % 2 L 234534 %, high blockage core
Dl ® BHEE Y 0.5% clearance DFE & KT 3 & §i
NHIA/span A/ S SRES N TV S (K 14), &R
12, 0.5% clearance @ surge point £ [FUEE%25 2 -
BEORNEORT 2K 8 (tip W) wWand, ZOHE
Tlix, 0.5% clearance DFE, EHMBIHRL TEHES X
o te®, —RU T3 X512, 0.5% clearance D35
&(®@5)ERED, 0.25% clearance Tl leading edge
vortex O AITK & L B4 L, leading edge vortex @

x1 BEEEHEREEREL

BEMK 24
EL 4 49000r.p.m
' =R 2.54kgls
EA 1.7
ARG HEPE 430 m/s
tip HAHRA < v N 13

g & s EIRIE ORI, BEERE O tip BT 5 K & < i
o7 Bk E PRI ALE LT3, high blockage
core b EMMIHEOFRNCE £ > T3, 2 e OFHED
LFHEND IO, RULEEEEE2ERL w3 (M
9, M10 133 5 EFER EFTwE, 0.25% clearance
TEEBBE s ko lziiin (0.25% clearance
surge point ; tip W) TH %, 0.5% clearance @ surge
point & [E] U £, leading edge vortex D#3BIEE D tip
Bifgklc 2D TEB Y, %72 high blockage core B
BEA @RI IAD Y, B2 AR /span Ak A &
{EERL T T (K15), tip I TERSEIINICA S
Z & 25T %, high blockage core I, choke point
TIX 0.5% clearance choke point DIFE & HEE T 3 &
Z OB X IE B /N & WD, surge point TIE 0.5%
clearance surge point DIFH L IFIFFRICBRE W X T
DEBEEAE T TORI08b %, IOBEOTNI
WD TALET, HEME tip HigfI T T L <IREL
7ot FUETEVSBERELCLEo72 (K11,

1.0% clearance D& & b, WMNIBOELEIX0.25%
clearance, 0.5% clearance D& E[REETH - 1z, 1272
U clearance flow OFEDNE 2 725, HEBIEIZ L DETH
WAL L, tip clearance NTX WAL Tz, # L
T, %O surge point T, ¥ 12 O X 512, leading edge
vortex SEEEE D tip Bl RO 5 L X1, EFHEN
PiET 5 (®13),

LIEDFTEBER® S, 0.25% clearance & UF1.0%
clearance DIHE DEHHE I, FEE L 7 tip clearance & &
Bl 7 v/ EMEE O TN EEORIRICET 57
VOB R TERT & 12, BiZ, Tho ORI, fEd
SR DFIN L EHE I tip clearance flow 2SEEEE H - T
WBET 3, BIBLALET NV E > TEELRERZED
LRbib B Day i3, 7 7 v/ EMEBOIER T
ZEFIIALE DOFEHZ, BHE tip [ TOREEIKEDZEFH
WE->THIEBISNE I ERFERLLY, 2, @i
BINCBOWTHEHDILD XD TH 300, tip stall DI
GRLTINBEDIIDETEE (BFHLEVIIDT

B1 155%x31x31 FEHR C B ERT
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Experimental Study on Transonic Fan Rotor Flutter
at Highly Loaded Conditions

Abstract

S EET, B HERKEE*?

SHIBATA Takanori KAJI Shojiro

The aerodynamic damping characteristics of a transonic fan are experimentally investigated using
a linear cascade wind tunnel. The cascade consists of 7 blades with its center blade oscillated in
bending mode by mechanical system. Unsteady aerodynamic forces are measured at supersonic inlet
and high back pressure conditions, which cover from started to unstarted flow regimes. Unsteady
aerodynamic works per cycle in traveling-wave mode are estimated by means of the influence
coefficient method. It is revealed that an increase in vibration frequency has a stabilizing effect, while
an increase in pressure ratio has a destabilizing effect on blade oscillations. An increase in the inlet
Mach number has a destabilizing effect at low supersonic inlet Mach numbers, but a further increase
in the inlet Mach number causes a strong shock-boundary-layer interaction and reduces the maxi-

mum of aerodynamic exciting forces.
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Camber Angle 13.6 (deg)
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Amplitude 2.0 (mm)
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Development of the Regenerator for the 100kW Automotive Ceramic Gas Turbine
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Abstract
“Development of 100kW Automotive Ceramic Gas Turbine” is a seven-year program since 1990. This

program has been carried out by Petroleum Energy Center with the support of the Ministry of
International Trade and Industry.

In order to satisfy performance and reliability goals, the regenerator system, seal parts and cores were
designed. Their performance and reliability have been evaluated and confirmed by the component test
rigs and their goals have been attained.

The maximum effectiveness of 94.39% and the minimum leakage of 1.99 (ratio of leakage to main
flow) were achieved at 1223K regenerator inlet gas temperature (RIT) under the full load condition
of engine operation. The performance of this system proved the 100-hour reliability under the full load
condition and the 50-hour reliability at 1270K and 1290K of the partial load condition. The high
temperature reliability of this system was confirmed at 1373K of the maximum RIT partial load

condition.
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