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Studies on High-Lift LP Turbine Airfoils of Aero Engines
(Understanding of Boundary Layer Transitional Behaviour
on Time-Space Diagram under the High Lift and Ultra High Lift Conditions)

Ken-ichi FUNAZAKI*, Nozomi TANAKA and Mamoru KIKUCHI

*3 Department of Mechanical Engineering, Iwate University,
4-3-5 Ueda, Morioka-shi, Iwate, 020-8551 Japan

This paper details experimental studies on the flow field around a linear cascade of low-pressure
turbine airfoils whose solidity is changeable. Highly loaded low-pressure turbine (LPT) blades are
one of the key paths to successful future aero-engines, however these blades are usually accompanied
with separation bubble, eventually leading to the increase in aerodynamic performance. The purpose
of this study is therefore to clarify any favorable effects of incoming wakes upon the aerodynamic
loss of high-lift or ultra high-lift rotor blade cascade through the measurements of wake-affected
boundary layers including separation bubble under low Reynolds number conditions. Cylindrical
bars on the timing belts work as wake generator to emulate upstream stator wakes that impact the

rotor blade. Hot-wire probe measurement is conducted over the blade suction surface to understand

to what extent and how the incoming wakes affect the boundary layers containing separation bubble.
Time-dependent transitional behaviors due to the wake passing are examined through the detailed
inspection of several composite maps of flow properties displayed on time-space diagrams.
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Table 1 Airfoil geometry and cascade
configuration
Actual chord C 114 [mm]
Axial chord C, 100 [mm]
Span 260 [mm]
Pitch § variable
Inlet flow angle S, 47 [deg]
Outlet flow angle f, -60 [deg]
o timing belt
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moving bar

inlet pitot tube . h @
% ;-1. b v
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—= 4§ ke

Fig.1 Close-up of test section, including
test cascade and wake generator

Temperature Correction Probe

Inlet Center Pitot

Hot-Wire Probe
(for Boundary Layer Measurements)

Hot-Wire Probe
(for Calibraion and
Inlet Measurements)

Fig.2 Hot-wire probe setting locations for
boundary layer measurements
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Fig. 3 Hot-wire probe location for the
boundary layer measurement
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Fig. 4 Time-Space Diagram of
Ensemble-Averaged Edge velocity[m/s](top),
Displacement thickness[mm](bottom),
RRS-15%, St=0.4, Re=57,000
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Fig. 5 Ensemble-Averaged Velocity (top)[m/s]
and Velocity Perturbation (bottom)[m/s],
RRS-15%, St=0.4, Re=57,000, t/T=1.12
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Fig. 6 Time-Space Diagram,
RRS-15%, St=0.4, Re=57,000,
x/Cx=0.65(top), 0.70(middle), 0.73(bottom)
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Fig. 7 Time-Space Diagram,
RRS-15%, St=0.4, Re=57,000,
x/Cx=0.75(top), 0.78(middle), 0.80(bottom)
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Fig. 8 Ensemble-Averaged Velocity (top)[m/s],
and Velocity Perturbation(bottom) [m/s],
RRS-15%, St=0.4, Re=57,000, t/T=1.48
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BIRICEERR LN D, S=04 D&M LN, K
10 () 12777 St=0.8 S CIrLReHIF MICERA 722
o<, ERBANE XET 2 HANEIZ wake
R LT HEERZEHZRLTND I B DN5.
ZHUTETD wake DEBNREEHZR-> TWAREIZ, K
@ wake BIMALTZERTHS. HEROEEZRS
&, St=0.8 TiX Al #8 (x/Cx=0.65~0.80) DHERRE X
DRE XL, S=04 OF CALE & B L T/HhEL,
BERRE & OB VR St=0.8 13 x/Cx=0.78 f13E £ T
7273, St=04 OHERE JZ R 2E & ER D ROFHE
I% wake 1EIBEAH T OHBHIOKRRFMBREVIZE
KEWEEBZOND.

X 10 (F) @ St=1.2 28T 2HRE S 135%<,
St=0.8 LV bEIC LR CHERTERI RS, ¥
77, FTHRBIZEB W TR b r— " VEDE < vl
72512 E wake BIBIZFEH L CTRAET D iREEIIHE
MEL, IZIEEFICELTES SR IND. £
FRDOR b — VRIS BOREIL, L1 8
BRI EI(x/Cx=0.65~0.80) CHERRIE & DM H
D, TiE/Cx=0.85~0.98) X RMIZHVT5m. &
2 T ERERIIEENICHRE X - ESRE S 38N
THETHSB. Zhit wake DEOEZN RN FIBEF AL
£ EMILZBIRLZEZDEEZOND.
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45 BRAHEHICBET2HRARERDHD
H®

AETIIEROERTITORI-RR L, AL
NV EF T2 b0 EET S, T 11 I
St=0.0 TOERBESEEZRT. FBEEHIZBWT
EVMEEZ R TTERGRES, FBEO BT - TRz
TIEREOMEERTH, AR L LOEIIZEND,
E— 7 i EFEA~BET 5. THERBEREORE
L LTAV OIS EBEE S, BIRERES &
WAMER & R T HEIZB W TARICEI L, F0%
bLEMERET 5. £OREE, RRS-25%DEBIUTEED
EHBE 1T RRS-15%IZHE_TEL, BFOKER
O FE, BEATLIZ L VSR TOBRENEMT
DT ENEMETED.

FIZ RRS-25%, St=0.4, Re=57,000 DiEFE %X 12
~14 IZ7RF. RRS-15%RBRIF & RIERIZ, wake @B
IZEH L= BB D, RRS-15% & -25% DT
HN%E L T, BHEBOHANEEERRICE
WTHRERTE 5. FIfiT/RLTZ Al, A2, Bl TF
SNDEHE, HEO-DIT AlL, Bll, A22 &£ L
TAT. KRR THRE S X4 (T) D RRS-15%
BT B L, BOBERE S O (YT=1.0 225
L1 ICEET B8 1%, x/Cx=0.79 75 0.75 ~H&
MNLTe. Ei, BOBERE S OfEsiImh w7
TR BEMFEIC b UT=03 M/ LTS, £z,
RRS-25%, x/Cx=0.98 |23\ 2 HEBRIE X 1%, wake
BEFEO T EVEMEREEICEVVEEZRLT
BV, wake BBEDIIED RRS-15% & ¥ & AEXTHIIC
BETFLTWAZ NG5,

13 IZRTEHEE SRV THREOER A
Rohs. Mt C TRENDEGHEE S OHMEIZHE
X RRS-15% & 0 b, WANF RIS S 2MIHE
PALTVWD. wake BIBFFIZIE, x/Cx=0.80~0.98 f+
ETEBEEIOMAEINEL NS, xCx=098 T
IEHEE S OMERIZR LR, 112k
I ARBIFESRES LISIEREETTEND,
x/Cx=0.98 TIiIFE L - ELIERBEMISIEER T
BELTWBLERZED. TO%, TEEHOEE
EE XX, RRS-IS%ICIEEN o EWET
x/Cx=0.85~0.98 DA THEML T3, 2F Y,
EREHLERABRCEHEBERIE DL T,
RRS-15% TR O 5 L 5 REELREBEE S OM
HIZhRIIBBEEE THEA L TRV, K 141203,
L U7- wake DALE & Z DR ROET 2R RED
TR LR ORERR 2R3, BREER

3.00 248 x5 FIBESEEIT L1 BE%, BOT5. 2
I 9T R LTI E S 1T, BE LNV FBOBEBEIC
BN D calm region A RIBEFEBICFET H720T, T
NEET D F THEEMSXF T 5. T @i, Bl
DHEEIHEBRESOHEM (K4 (F) 28R ) 2
TR EEMEIEEE o Lo TS,
RRS-25%IZ 81T 2 TR E K 14 (F) 1IZR7.
FERBREORZEMEIIX 14 (L) D RRS-15%IZ A~
RRS-25%MD A3 /N E <, FERGREDS 2.5~3.5 DFEE
LFE/NLTWS., LL, B—2 ha— gt
IZEBV T, RRS-15%1% RRS-25% & ¥ & FIBERRAE (F
BER & - RREEKE) TR&E VS, BgaED
R ER B L ARR LT/ E V.
UEDBRFER LY, RRS-25%TiX, #DHEH T
BVWEAR LU LD HEEEABENREET
HY,RRS-15% LD b2 ) BB LRI+
LIZE o T, BRAFIZEET 5 E CICELRERE
ELTHAICREL, BRE L THERABEELNBEX
ICERAELTWBZERELNE ST
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0.50 0.60 0.70 0.80 0.90
Fig. 9 Time-Space Diagram
of Momentum thickness[mm], RRS-15%,
St=0.4, Re=57,000

5. & B

wake EEIZHE D BAWROBEAR Z — LU BEA
JEf EREROBRZEENE | BIBR T 0 — 7 TS
FHAIL7=. DLFICARFZEIZ L D B h -5 R 251
(1) wake DFBEHAZ BB T D, wake ORFOHNH
EIERDBIRN TN TN 25 - TR
L FHT 5. wake BB ONBEIZ & - T4 U B 3EkEM:
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BB & ER VIR, ERL Y LBVOEE TBIR LA
15, £, ERBEATIEEE BNV ENKHSR
THHRDEZ BN BT 5 F TOMICERBRE
(calm region) AMFIET 5.

(2)  calm region AMFET D TEBIINEEEKE L TH
AU, EHEE I /NS0, calm region | E wake OO$F %
HRVPBEL L, FBERERR T2 THELES.
B) RAWELEARIEEZZLIZLY, FEHADOER
ZEIRE KT S, BEAWRA LOFEHIIR
LEHREE Y, BEICEIEE L2 EmICH 5.
FD=®, wake BIBDFEIIREN 725,

20

T
o

0.5

0.0
0.50

0.60

Fig. 10 Time-Space Diagram
of Displacement thickness[mm], RRS-15%,
St=0.8(top), St=1.2(bottom), Re=57,000

7 0 —©=—RRS15HI2 —0—RRS25 H12

.o RRS15 delta2 - O - RRS25 delta2 ;lf 1.2
6 g4
Y5 F )
T L 0.8
-
& 0.6
c s
& 04
: A ;
ﬁ 2 4 ,,‘a_'_.D'
,iijbﬂ' : 0.2
g bt g gl

o

05 055 06 065 07 075 08 085 03 0.95
x/Cx
Fig.11 Time-Averaged Shape factor and
Momentum thickness|mm],
RRS-15% & -25%, St=0.0, Re=57,000
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0.0 -
0.70 0.80
x/Cx
Fig.12 Time-Space Diagram of Displacement
thickness[mm], RRS-25%, St=0.4, Re=57,000
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Fig.13 Time-Space Diagram of Momentum

0.90

thickness[mm], RRS-25%, St=0.4, Re=57,000

Momemtum thickness, delta2
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t/T
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Fig.14 Time-Space Diagram of Shape factor,
RRS-15%(top), RRS-25%(bottom),
St=0.4, Re=57,000
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