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Fig.1.1 Mitsubishi Heavy Industries M501G gas turbine (250 MW class).
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Fig.1.2 Tohoku Electric Power #3 and #4 Power Station.
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Fig.1.3 Evolution of turbine inlet temperature of industrial gas turbine.
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Fig.1.4 Thermal efficiency of the combined cycle plant”’.
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Fig.1.5 Trend of the turbine cooling technology™.
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Fig.1.6 Turbine cooling technologies for 1500 degree C class turbine blade and vane!®.
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Fig.1.7 Comparison between the air-cooled combustor and steam cooled combustor in 1500 degree
C class gas turbine.
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Fig.1.8 Peak temperature comparison between 1350 and 1500 degree C class gas turbine.
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Fig.1.9 Endwall secondary flow model for a turbulent boundary layer presented by Langston'’.
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Fig.2.2 Outline of low speed wind tunnel and test section for experiment.
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Fig.2.3 Coordinate system in experiment.
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Fig.2.4 Casted naphthalene layer set up for mass transfer measurement.
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Fig.2.5 Test section for the naphthalene sublimation method for D=50mm.
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Fig.2.6 The basic arrangement for the optical set up for the PIV measurement.
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Fig.2.7 (a) St number contour in the plane of y=0 and (b) St number distribution in at z/D = 0 in the
case of U,=20m/s, 6=20mm and D=50mm.
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Fig.2.8 Temporal sequence of four representative patterns of instantaneous streamlines and
vorticity fields in symmetry-plane for D=50mm obtained by PIV.
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Fig.2.9 Statistic valuable (a) turbulent kinetic energy, (b) RMS u-velocity, (c) Vorticity and (d)
RMS v-velocity of the flow field for the D=50mm obtained by PIV.
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Fig.2.10 Span-wise velocity distribution at z/D=0 for D=50 mm, U,= 20 m/s and =20 mm.
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Fig.2.11 St number profiles at z/D = 0 for U,= 7, 20 and 30 m/s at 6= 20 mm for D=50mm.
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Fig.2.12 St number profiles at z/D = 0 for 6= 20 and 40 mm at U,= 20 m/s .
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Fig.2.13 St number profiles at z/D = 0 for 7u=0.5 and 7.5% at U,= 20 m/s, 6=20mm, and
D=50mm.
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Fig.2.14 Probability density of HSV center position for 74=0.5% and 7.5%.
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Fig.2.15 St number contours at z/D = 0 for D = 10, 30, 50 and 70 mm at U,,=20 m/s .
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Fig.2.16 St number distribution at z/D = 0 for D = 10, 30, 50 and 70 mm at U,,= 20 m/s.
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Fig 2.17 Streamtraces at z/D = 0 for D = (a)10, (b)30, (c)50 and (d)70mm and vorticity at U, =
20m/s.
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Fig.2.18 Stanton number distribution at z/D = 0 for D = 10,30,50 and 70mm at (a) U,= 7 m/s and
(b) U,,= 30 m/s in experiment.
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Fig.2.20 Cylinder specimen for the case of (a) inclined cylinder and (b) fillet R.
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Fig.2.21 St number profiles at z/D = 0 with the airfoil having the inclination angles =0, 30 and
45°.
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Fig.2.22 St number profiles at z/D = 0 with the airfoil having the inclination angles (a) 8= 0, (b) 30
and (c) 45 degree.
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Fig.2.23 Streamlines of time-averaged v,-v, velocity and distribution of vorticity (w) in symmetric
plane with the airfoil having the inclination angles 8;=0, 30 and 45°.
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Fig.2.24 St number profiles at zZD = 0 in the case of the airfoil with the inclination angles R=0,
7.5,15, and 22.5mm.
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Fig.2.25 St number contours with the airfoil with the fillets whose radiuses R, = 0 mm, 7.5 mm, 15
mm and 22.5 mm
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Fig.2.26 Streamlines of time-averaged v,-v, velocity and distribution of vorticity (w;) in symmetric
plane in the case of the fillet =0, 7.5, 15 and 22.5mm.
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Fig. 2.28 Instantaneous and time-mean St number.
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Fig.2.29 Time-mean St number in a symmetric plane in comparison with that by naphthalene
sublimation method for U,= 20 m/s, 6= 20 mm and D= 50 mm.
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Fig.3.1 Film cooling concept and boundary conditions.
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Fig.3.2 Fan-Shaped and Laid Back Fan-Shaped film cooling hole geometries[s].
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Fig.3.3 Film hole configuration for Round Hole, D-Shaped Hole and V-Shaped Hole.
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Fig.3.4 Test section for the film cooling and temperature measurement traverse system.

T 4 VAR EIFLN BRE H LIRS i EIRE T AT, ZORA LIEZERIE
FEERRET 572012, K 3.5 1T TR 2 JUE L, ISV 2. 2 ORMIFEVEXHT,
BEXORZEZ VIR T 5120, BEXOZFROMBHIBRERDERWN—2 F 1 M &
AV, ZERAMALZELS o0 K S I S IRIC B E S T, E72, BGEXHITIX
T ABEKR B, EOENRD v — ARE A FIN LN OBER FE R AT EH LICLT
BB s A Mz DG L Lz, JIERICIE, ZOMBBENIT A M7 v a oo B
MO ERPUITIEA I, T A=A LA EZ S LHIEZT .

47



2

Fig.3.5 Thermocouple fixture is made of bakelite.
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Fig.3.6 2-dimensional automated traverse system for the temperature measurements.

WHIIL SIEZER 2R E T 70, K3 7IRTe—2—%28EL, a7 L vih—
MHELNDZERE M LT, B —Z—, T3, TOHIZ 120W D=7 1 LRI 3K
WHNZHHE SN TIRY, =27 a ABHEGM Th o0 7 AL TIZ XV INBOT LI 34
TR T D Z EOIRVMEMAIZ e s TN D, ATAH T (0~130V) IZXY E—F—D
IBEZFEL, b —¥ — O OZEKIREZFE L.

48



Fig.3.7 heater for the film air.
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Fig.3.8 Film cooling air circuit outline, compressor, regulator, pressure gage, flow meter and
heater.
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Table 3.1 Physical property of acetone at room temperature.

Molecular weight 58.08
Density 0.79 kl/kg/K
Saturated Vapor pressure 24000 Pa
Diffusion coefficient 11 mm?/s

Le number, - 2
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Fig.3.9 Schematic of particle supply as tracer for PIV particles and acetone supply for LIF
measurement.
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Fig.3.10 Optical set up for PIV measurement.
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325 EBREHG

FFCHE 20m/s & EE L, Bl M=0.5,1.0,1.5 L7225 X 512, mAEAIEREEELE
e, 74V AHAARdIESmm THY, AAEREES §1L25mm T—EThHDH. ER
A £ 321077

Table 3.2 Experimental conditions.

Mainstream Velocity, U.. 20 m/s

Configuration Round Hole, D,V-Shaped Hole

Parameter
Blowing Ratio, M 0.5,1.0,1.5

Cooling Hole Diameter, d 5 mm

Boundary layer Thickness, ¢ 25 mm
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Fig.3.11 Film effectiveness, #,contours at x/d=0, 2, 4, 10, 20 and 60 in the case of M=0.5 of round
hole.
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Fig.3.12 Film effectiveness, 7y contours at x/d=0, 2, 4, 10, 20 and 60 in the case of M=1.0 of round
hole.
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Fig.3.13  Film effectiveness, 5ycontours at x/d=0, 2, 4, 10, 20 and 60 in the case of M=1.5 and

round hole.
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Fig.3.14 Center line Effectiveness comparison for round hole between the experiment and
published data in the case of M=1.0.
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Fig.3.15 Center line effectiveness for round hole in the case of M=0.5, 1.0 and 1.5.
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Fig.3.16 Film effectiveness, #,contours at x/d=0, 2, 4, 10, 20 and 60 in the case of M=1.0 for
D-Shaped hole.
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333 LIFIZX 27 4V AREBRAIERE

LIF (280 JE S AL o T m 7 1 v MnEIh 54 %, M 3.17~ 3.19
(2 N2 (a)lZ D-Shaped hole, (b)iZ V-Shaped hole D& Zo~d™. EEFHKL M 2K S &
% &, D-Shaped, V-Shaped & $ 12, 7 4 /L AMEIZEKENEL 725 LFRIFFZ, XY TitE
TETLHLIECRD. —FHT, Z4NVAHOBETOT 4V AGEIZIRIE, T XTOEHRE
I M (0.5~1.5) O#iPH T V-Shaped 234V TV 5 2%, # il OBE R TILm# O 2813/
E< 7250, D-Shaped D7 4 VL AGHZNEREL 725, ZO[ANE, M % @& < THUXBE
2720, M=15 &35 L, V-Shaped DA, 7 4 /L LAMEEAEER 2 SEENL TN D Z &3y
o,

7, 0 02 04 06 08 1

(a) D-Shaped Hole (b) V-Shaped Hole
Fig.3.17 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z=0 in the case of M=0.5.

7, 0 02 04 06 038 1

(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.18 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z=0 in the case of M=1.0.
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(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.19 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z=0 in the case of M=1.5.

7% b2 LIF |2 & % D-Shaped & V-Shaped D = A 7~ LD z/d=0 OFLHLEFHERIO 2 R IT
D7 va‘/AﬁﬂijJ%% 317~ 319 TR LTS, Z D7 4 L LB HN RS 2 T
EEONMEICBIT Dy HA7 4 )V AmAGREZ RO H 2 ERHKD. 2 2Tk, x/d=0,4,8
O 3 WIS T D 7 4 NV DEHD R A L2 E R 3.20~1X 3.22 12", x/d=0 Tl
V-Shaped D 7 4 LV AGHEHIBHERNE L, TOT 4V AHEIRITIFIFE 1.0 L5, —FT,
D-Shaped DA 1%, x/d=0 OFEFTT, BEIZT 4 /L AGMHEIZIHRIL 1.0 TRV,
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L T T T T T
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0% 0% g B o g° ?9@ & j
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’ICL ”CL
(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.20 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z/d=0 and x/d=0.

61



x/d=4 x/d=4
| A — T T T
o M=05 o M=05
o M=1.0 o M=1.0
o M=15 o M=15
N
N .
=
3 & 3
8 o
BRq, e, 9
% 5% ] o o 06° ]
el &° B o
E% (9033000 b 5 %O %%Q@ ]
I Eﬁ%\@o Ogr Lol I rrj%‘ P . I
0.2 0.4 0.6 0.8 1 0.4 0.6 0.8 1
”CL ﬂ(‘L
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Fig.3.21 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z/d=0 and x/d=4.
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(a) D-Shaped Hole (b) V-Shaped Hole
Fig.3.22 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z/d=0 and x/d=8.
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MEKRITHE, 7 4 NV AREARRPET LA L, 74V 2mEAROT 07 7 A ViTiF
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A VX, BEEITEE ChReKfEZ &V, D-Shaped & [AEEIEZIR TH D43, M=1.0,1.5 LEMSE 5
L, T A NV ABEIBNREROEFTN, yd=0.5 1280, BEEEEED 7 4 L AEHNERIT y
M CHRRITIER DRV, ZHIET 4 NV AEROMENRE DS OBRFIBEEANICH D Z & Z2RT.
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3.24 (2. xw/d <2 TIX, V-Shaped D7 4 )L NHEHRINE O, x/d>2 TIX, 7 4V LE
HIZhZIX0HA L, D-Shaped 23 H < 72> TWDH Z E3nnD . ZHUEK 3.20~[X3.22 TH S
DINT7R 572 K 91T, V-Shaped 137 4 /L LAZEKDOBER D & DREIR 72 FIBERE L TV D2 &
EZ D, WL EEmOSEEN T v/d=1.0 TIX, 7 4 /L AEEBIERITT LA V-Shaped
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Fig.3.23 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z/d=0 and y/d=0.25.
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Fig.3.24 Time-resolved film effectiveness of (a) D-shaped hole and (b) V-shaped hole in the plane
z/d=0 and y/d=1.0.
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334 PIVICKBWMNGEHAIE TDOBE

ARIETIE, PIVIC K D HIE L7z 7 1 /v 2 LU B2 1T 2 3B 5 A0 OFERIZ DN TH %
T 5. EEER M=0.5, 1.0, 1.5 (2817 5 2/d=0 O FENOHE 2> ¥ —B L OHERT K
VX 3.25~(X3.27 12, Z i ZE4(a)ll D-Shaped Hole, (b)iZ V-Shaped Hole % 7~

(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.25 Time-resolved Velocity Contours of (a) D-shaped hole and (b) V-shaped hole in the plane
z=0 in the case of M=0.5.

(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.26 Time-resolved Velocity Contours of (a) D-shaped hole and (b) V-shaped hole in the plane
x=0 in the case of M=1.0.
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(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.27 Time-resolved Velocity Contours of (a) D-shaped hole and (b) V-shaped hole in the plane
x=0 in the case of M=1.5.
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WCHIRNRY 28D, 7 4 )V AOMETIZIZ OIRN 0 IZIBRET 50, BRI FRITIEN 5T,
—EIXEBHEMICH D Z 0D, ZOBEBEER T ENT 4 NV LHHGER o7

WICEETHHEEZOND. K327@UEDLND KIS, 74/ AHAMTIE, &t
BRI SARRHERA NI L TR Y, ZOHEARN, TAMICE 2mERESE, ZT0
FER, T A NV ABHZERO TG E OIHIRA N AL, K320 THERSNZLOIIZ, 7
A VAL PIZ T 4 L AIREIZNERN 1.0 TV IR 5 B2 61 5.

y/d=0.25 y/d=1025

L T T T 1 ] § —— T
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x/d x/d

(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.28 Time-resolved v of (a) D-shaped hole and (b) V-shaped hole in the plane z/d=0 and
v/d=0.25.
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Fig.3.29 Time-resolved v of (a) D-shaped hole and (b) V-shaped hole in the plane z/d=0 and y/d=1.0.
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34 YA T N7 4N LHEEOBIERNT

ARETIE, LT 4 v AEAZZIZX L, DES (Detached Eddy Simulation) % FV 7z
BAERERT 24TV, V= A 7B 7 4 W ADFTRITH T D 7 4 b DI AR % B U TR
WZDOWTIRR 5.

3.4.1 HfEfRATFIE

FAEAENT IXHER RANS (Reynolds Averaged Navier Stokes) |2 L Y i ST 7=, — 5T,
T AV LELROEENT, FEFHIRTHY, IFEHFRE T, A CRE IR E % f#
SBEDR D72, RANS ST CIIBOF LIRA R H D L &b, Lizhi~> T, LES/DNS
R DIEEMTBEEND D, 74NV LWHILRL T 4 VL% ¥ ©T ¢ ONERIZFEM 722
Wik B 722 D728, BRERC LES/DNS IZm = A FCTh 5. DES I%, RANS/LES O
KN THY, RETIHHBHRMEHEIND LI TERL., 74 VLADRABIRIX
BEAMNGEEFBRZTHY, FFEH CFD 2 WD ZEREE L. LR ->T, RETIE
Fluent % 7= FE7E & EAEAEHT 2 VY, D-Shaped Hole & V-Shaped-Hole % fi##t O x4 & L7,

fEHT A >~ 2 2 %X 3.30(a)iZ, D-Shaped Hole 33 & OY V-Shaped Hole @ 7 1 /L NG EIFLD A
v a %R 33UBNTRT

S0 mm | 200 mm

Mamstream

\

| i
Cavity V-Shaped

(a) computational grid (b) computational grid for shaped film holes

Fig.3.30 (a) Computational grid (three dimensional view) and (b) computational grid for shaped film
cooling hole (D-shaped hole and V-shaped hole).

FEATREBIE, X 2.2 12 L7 AR AR & [F4% (Symmetry Plane & VY, B 50% S £ T
wET ) THY, HANAL T 4V AEIBEF Y ET 1, 74V LABHEALNG R 5.
EWH A/RANL, z120mm X x250mm X y75mm, 7 o L AZELSMKE T v BT 4 1F, z120mm X
x125mmXy43.75mm CToh 5. FEARIIZIE, Multi Block D&% H V7273, Shaped Hole
DONENE, A v = OE 2B LIEER 2 Az, 24 v 2 2803, D-Shaped Hole
THI160 7 A >+ =, V-Shaped Hole T92 i A v =T DH. f#HTIL Fluent6.3 % IV TE
fi L, FHEAF—2LLE LT Simple 52 HW-. SLikKET /L E LT, DES ET /L% H -,
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DES €7 /U, RN OMIEILOT DI, B bR/ KB IX LES TR L, BEHT
&I O RANS /LTI NA TV v RFREOFETH .

3.4.2 FRENTHLRGA

ARHRICBIT 3RS E2E 331087, £33 12”7 LKV, D-Shaped Hole & V-Shaped
Hole {22\ T, Enhanced Wall Treatment (UL F EWT) Z i L7z k-7 /W K D IREHFEE)
B OfEAT &, SA (Spalart-Allmaras) €7 /L & LES O/~A 7' » RET /)L ToH 5 DES (Detached
Eddy Simulation) % W TREHT 21T 9.

Table 3.3 Boundary conditions for computation.

Mainstream velocity, U., 20 m/s
Turbulent intensity of mainstream 0.36 %
k-eEWT
Turbulence model ] )
DES (Detached Eddy Simulation)
Shape of cooling holes D-Shaped Hole, V-Shaped Hole
Blowing ratio, M 1.5
Representative diameter of the holes, d 5 mm
Boundary layer thickness, 0 20 mm

RN CRWEZEER G2 K 331 1ITRT. 7 4 IV AHEIZER & B OIRES O T,
WAL Z 72w A= L Eii & OIRA % EMEICHEEE T 20BN H 57280, HBEIFLO B
BT 2 EWHEE OELAMER A2 ERGEFIE U CEICE X D2 M0ERSH DH. £ 2 CTRHE
TIE, ARBEFUCET 28U 2ME « Bl MEai o720, FPlistE e L TRiRak %
R U7z ZIRGTELIRIT 21T o 72, 2O TstE CIE, EHEOAORER CHLER iR

GEEE, FLIRTRAX—, HHER, EEREE) 28OS0, k-eEWT 7 /L2 H
THfTZER L, TR L TR ONTEHEDHM %, DES 7 L& HW-itHo AR
BRI LCHEA Lz, £/, SRS LT ONEHIEDEERKL M 2 EH
B8, ¥ BT 4 K CIXEERA IS U Tl 22 g (M= 1.5 DA T 0.03927 m/s,
M =05 DEET 001309 m/s) EEINE (5%) Z—kkiCh 272, £/, EREHOHD T
H &2 5 2 72130, EFREOME TS FREE, it ARGt e o4+
D&M EE 272, S5IZ, Y BT o HOA R EE (2/d = -12, 12) TiE, EEOX
YET A DOREEEEBL CHIMEMEE2 5272, £12, 74V GHMREZEET 5 HP
IZBWT, EROMAREZ 300K, WHIZEROMAREZ 330K & L.
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BEH L FIEIC O W TS, k-¢ EWT 5 /0 & W T84T T, £, 3B, Sl k¥ —,
HHCE, REOT T L CERBEOFEZEA Lz, $HEIZ DUV T RO E R
bEESEBEMA L. ¥£7-, DES FHETIE, FEATZRIEIZE U T TUBEF.LESS, IR
K& R 7257, &ﬁﬁﬂi#”%@@ﬁzéﬁﬁﬁm# MEEHEAL WD, 2, &
AEIRREE O e PR E— UG E R 225y A ) L 7.

Inflow conditions

u,v,w, k, & (or vt) by 2-D Sim.
using k- with EWT (or SA model)
(U=20m/s,d =20 mm, 300K) Slip condition (No shear stress)

Out flow

VVVVVVVVVVYVVYVYYY

/ Non-slip and adiabatic wall

FEEEAEErtttaattttss

Uniform inflow at 330 K with 5% intensity
(The velocity is chosen to satisfy M= 0.5 or 1.5 at film holes with d=5 mm)

- Symmetric condition

HIIHIHHHIHIHHI’\/I /I/[/]/I /I”]
11

I\IIIHIIIHIHIIHI
Top view of computational gri

Fig.3.31 Boundary conditions for DES simulations.
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3.4.3  BAEARATRE R

D-Shaped,V-Shaped Hole 0 7 ¢ /L A ¥ HIZh 2R D EABEFEATHE R 22 X 3.32(a),(b)IZ7RT. FEHR
fE R Cik <72 X 912, D-Shaped Hole, V-Shaped Hole ®DFHiE s & LC, BEm A To >
+ v A EIZHER X D-Shaped Hole DX 9 23353, V-Shaped Hole |ZHIBEMEHW 3 H 0, FLo»
SENITE T T, 7 4 Vv LEEIZIERITTe LA D-Shaped Hole DIE D BNEAF £ 5, L
SR B o T2

DES (T X D SR TIE, BED 7 4 L ARHIZIFRIT, x/D<40 OFEEIZIO72 Y, D-Shaped
Hole & ¥ V-Shaped Hole D B#fTd ¥V, LIF FHAIRER & %720, DES OfENT T, 7 4 /v A
WHEZHREMEREDO B LE L Zi%im CX 72\, —J5 T, D-Shaped Hole (Z TR T - 7= x/D=0
D7 4 NVAFHLE TIZEWN TS, 74V LEEBIERR 1.0 TIERWE W 9 FRIE, X3.32()
RTINS, FALNEIC ERZ BEZIAATWLTZD EHEIND.

I T 1 [ [TF

0 01020304050.60.7080.9 1

yd=10 yd=20

0 20 40 T

d d 40

(a) D-Shaped Hole (b) V-Shaped Hole

Fig.3.32 film effectiveness contours of DES simulation results for (a) D-Shaped hole and (b)
V-shaped hole in the case of M=1.5.
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3.5

ARETHE, 74V 2HHAALOKE LT, MILBXO2FEDO Y =4 7 N7 4 L LA
L HWT, BIRRERIC X D7 4 v A HN R Z, JE LR ERL, FERLY, i
Hrilz st L7z ez ik~ 7z,

TANLLE LT, B NAZERAT 22 LIE a2 XA FORTIIAHTHLEEZ 2 BN
LN, BEREE M &% EREXEDE, TNV AERITENORHIBEL, BEHO T 4 L AHH
BRIZ LR SEDLZENRNETHD. Lo T, 7 4V AZERERERICIN DY D121,
LA mEEZILR L, 74V AR OEE ﬁ%?ﬁéz@%@%@w%%%’ﬂb,Tt
kY LIF & W 72 ZE R E AR FHAIB KOV PIV I K 23 ES 25T 5 2 Lk, &
DEWT VAR O B & T 5.

* Shaped FLIZIR & LT, A/ NV HMIZ DA O &2 JLK L7z V-Shaped Hole 35 L TNA /X J5 )
O RIE ST [ H B A% A f5K L 72 D-Shaped Hole @ 2 FE¥EIZ S TEEM 72 I A b L O
WP oA A G L7z,

« V-Shaped Hole I%, 7 ¢ /L AL 5 OWEGEAS, BRALZREED & OFIBHE R 29 2 & 2300
ofc. LIedio T, Bl M 2S5 &, BERTO T 4 L AR RITEAT 5.

- —JC, D-Shaped Hole |%, V-Shaped £V FIEELI1Z< <, HEREL M A REL LTS
TBNT Y, ;@?ﬁifﬁﬂﬁ74»Aﬁ$ﬁ%@?%é.*ﬁf,74”Amﬂﬁ

BIDEFE DT 4 )V ARHZEKOILBIRE DB b, 7 AV AHAETOT 4 LA
%%i&%@%%ﬂ%é.

LLEXY, YA N7 o AFLOH O E TR L, D-Shaped Hole & X— (2, 7 4

Vv LU A T OIERIR A 2 MHl TE UL, T 4 v A ABIRITE SIS S LD AT REED
HDHTENHLMITIRoT.
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F2ETIE, #— UV UEARABHE L 2 RoeFREZEH LT, BEmoREL, £
MU L DN L OMBEEFRE A O Le. £, B 3ETHE, FHEBRICLD, W
KONDEPEREY = A 7 NAEIHLD 7 ¢ L DR EIRN = Z FHA L 725 RIS DWW Tk~ 7z,

LU D, 1 EICRARIZ L 972y R4+ — /L OWmEIREE, G0N IERIcE
HTholcw, 7 VAR EHEHRIC L 2MEBROME T T, F—E D% - §
HEEETLIOIL, BOTERARH L.

Z—E U HRE O, Goldstein S22 XX v, vhgem OB T, HhbaFgES
LT & 72. Secondary Loss 13, # —E U ZE KA DB L Z20% U L2 505566 H D120,
B — 2RI D 72912, Secondary Loss 1Kk Z ENFIEFICEETHY, ¥—
EUEBOWNE A AR T A2 LIck Y, =Y URiRTRA LIZEERRS, ¥—bvr
DI DT AR ENTE 72 (Gregory-Smith?). #— bV EE O R4 —/L
OFEAE, “IRIFTTEREN X — B U HIf%IZUTO X, Horse Shoe Vortex (UL FEEHHE 3 5)
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42 EBRFIEL AR
4.2.1 BFIEJROBE

A ZZER TlX, Pennsylvania State University @ Experimental and Computational Convective Heat
Transfer Lab.|Z#%{& L 7= Big Blue Wind Tunnel™” % {8 Jf] L 7-.

Primary flow heat Axial fan
Exchanger (fun:&s air through wind tunnely

(cools the main flow, necessary for
heat transfer tests)

Secondary blower
(forces air from the secondary

paths to the film cooling and slot
plenums of the test section)

Secondary flow
paths

(main flow is split inte upper
and lower flow paths)

Primary flow heater

(heats ups the main flow,
necessary for effectiveness tests)

N\ Vane test
section

Fig.4.1 Big Blue wind tunnel and test section.

AJEIRIE, 50hp OHfGE 7 7 > A2 Uz BlEo KAEUGHESRWE Th 5. 7 A e
3 VAT DHENC, EFRHE, “IKREICDT DR, 74 v AmEIRhEE T 555
X, ERE 7 4V ABEIZERIL 25CUL EDIREZENSL X HITT 4 L DR HZER DN E
, TAMEZVa VITRAT D, — T, BMnERGHOSLAIE, TAMEZ v a iT
WEINTEE—X 2D AL, BRHERCRET 2 ZENAHRETH Y, BEGHD7
DOKRA RFEBRICHIHT 2 2 RS, BUROSMNER A X 4.1 12777,

422 FEBRIZHAWZHT AR - BFIR

AREBRIZAWZRIRIZ, #— B ARRE 1500CLL B~ 4 B s L7 R T A
A—BE D —E 1 BFHRTHY, EREFEROANN Re EELELZ LBLD, #ik
THIR DA TR EOMMEE %R EIF D721, FEEY A XD 23815 & L. £72, ERICH
W=BREB WG, FEERZK 4212, HARABREK 43 1077, 41, KEIC
AW 1 B EORERE S, BERSGEOME L RT.
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Upstream slot Endwall heater

\ Flexible wall

Vane Cascade

Fig.4.2 Schematic of the endwall heat transfer and location of the stagnation plane where
secondary vectors are plotted.

AREERTIE, A=Y RO+ — B LI U0Y — B U EOBAM 2K S, M oRbEsR
MH A —E U ~EfiiE AL —RITMAZSELZ L HE L, M43 7T L9, #—F
VHIROBE S A BEROEE S5 16.5% WM S, ¥ — ANEZ 16.5%K5 L 7=
T ASATGAR (LT Contoured fE4R) &, Aif&ixOHE & S Z[F—& LIc W A3 ZJHR (Planar
JEAR) A3 %, Contoured JEARIZ, FiARSMNEMDES B3> TED, WEMATTIAR
HATHR—@mSThD. £7o, 425 HTRRLNFT 7 B ADLE |, Contoured TEIRIT,
43 (b)), 43()0 2 T L L, ZhZhBIcEBh % FiHi L 7=,
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Table4.1 Vane Geometry and Flow Conditions.

Test Conditions Wind Tunnel
Scale 238X
Number of Airfoil 3
Pitch / True Chord Ratio , P/ C 1.01
Axial Chord / True Chord Ratio , C,,/ C 0.49
Planar Passage
Inlet Span / True Chord Ratio 1.2
Inlet Reynolds Number , Re, ;, 2.0x10°
Exit Reynolds Number , Re, 1.0x10°
Velocity Ratio 2.0X10°
Contoured Endwall
Inlet Span / True Chord Ratio , Sy, / C 1.019
Outlet Span / True Chord Ratio , S0, / C 0.875
Inlet Span / Exit Span , Siuer / Soutier 1.165
Velocity Ratio 5.94
Inlet Reynolds Number ,Re,;, 1.7X10°
Exit Reynolds Number ,Re, 1.0x10°

|]|:||::> Vane ﬂD'::>

Cascade

0.17C,, |

(a) planar passage (b) contoured passage :

flat endwall (contour on ceiling)

>

—_—

Vane

Cascade

(c) contoured passage :

\

contoured endwall (contour on floor)
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Fig.4.3 Schematic of the (a) planar passage, (b) contourea passage witn contour on ceiling, and (c)
contoured passage with contour on floor.




423 T2 Ry —li :i@ﬂﬂ LTy EIg s

EERICH W 1 BERET S R+ — L OmAREIZIE, ¥ — BB & 1 B
%%?Ei@ﬁﬁf'aﬁ%ﬁ‘%’f%bfzx Uy MRoAwy b (LT EfRAR Y FEHT), 2770 N2k
Wy 2A T "7 4V mEZ#EA L. K 42 IR L72X 912, EfiAv > MiX Planar
Passage 33 &2 OY Contoured Passage @ Flat {fil = > K7 4 —/LIZ%} LC,90° D& %, Contoured
Passage @ Contoured il =2 R+ —/LZk LT, 74° OAEZ S > CEMICKREHT. 7
B, Ay MEIT#=Z— RO 3%E Lc. 7 0 LV AHEHFLIL, 44U T LI, va
7 U RIEMAE, HREHRRICEE SN D, 74V AREAFLUITE 5720 FiR EF U hm %
m< &l _anJréz}’b’Cb\Zf)ﬁl ML= A N E&H/MET D720, Bk y $llokt LT, 8
X y ®izxr LT 607 , HMIATRRIZ y B3t L 30° OAEEZF-E, BELZ. £/, ¥
A TR T 4V LFRIF AR TFIANC 137, IRETFIANC 13° OB ZFFI-E 72 Laid Back
Shaped JZR (X 4.4(b)) & L7z,

}{' Lo —H 6.35mm

(a) Cooling Hole Distributions (b) Shaped Hole Configuration

" 30 T

Fig.4.4 Schematic of the film cooling hole distribution and laid-back shaped hole geometry.
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424 BINTFT A IV arofE

FRILEY, A4S ITRT RO, 2WIcESI 3R 2 EEN ORI TN D, EROFE
HIRIPRME 2 P27 01T, TEAEEOEM], MO Z 1 Z 4 Inside Bleed, Outside Bleed
ki L, W% ICIT Flexible Wall Z5%E L, 2N O 2T 22 Lick v, EHxRME
ZROKHIZ, X Q1) TELRTDLEEEISA Cp 73, Fluent & AW EBEMITIC L S
Cp &8+ 2 X1 Ui, 325k & BUERAT O Cp 5541 DLl A X 4.6 (=3 BT O F
EIZHOWTE, REIZFEMIZER T 5.

Po,in — Ps
C =2 -3 4.1
T @
Flow QOutlet
. Two full vanes
Inside Bleed
QOutside bleed

Foam endwall

Upstream slot

Fig.4.5 Schematic of three vanes in the test section.
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Fig.4.6 Pressure distributions along the center vane for both the planar and contoured passages.

JERIOWr X %2 X 4.7 ([~ 9. BATFESE T, £ 244m (=1.8340.61) OEERE O FEE
AR,

Combustor simulator section Test section
L W P
o~ 'l 3
1 ‘ ' Vane
I1m £= 0.549m
Velocity houndary laver l !
- > ~
L 4 1.83m Z.T"E“ax = 0.61m

(To vane stagnation)

Fig.4.7 Cross section of developing zone and cascade inlet boundary layer thickness measurement.

K (42) ILEVRDOENDEMOETIERE S 6 %, 30 (4.3) 1R 17 RANTICAL,
ROONTCHET 07 7 AV EREY M—FIZ X D3GR Z 4.8 ITHIKRT 5.

_0.37x

5 ReO.Z

(4.2)
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1/7
z_ Q[LJ 43)

s S\U,,
RA2ITRT EOIC, HRADICBT 2EREESL, BLL 17T%RETHY, ZOfHEE
FERR1BEFHEEBRBIZR -THD.
307 T \\HH‘ T TTTTT T TTTTT T \\\HL
- Spalding .
25 O 425C -
L ax i
B of upstream slot ]
+ B ]
= B ]
15 -
10 - -
5 - =
: 1 \\\HH‘ 1 1 \\HH‘ 1 1 \\HH‘ 1 1 \\HH:
10’ 10! 10° 10° 10*
U+
Fig.4.8 Spanwise distribution of the inlet boundary layer in wall coordinates.
Table 4.2 Inlet Boundary Layer Characteristics.
Planar Contoured
Passage Passage
Boundary layer thickness/span, ¢ /S 0.17 —
Displacement thickness/span, 6 /S 0.019 0.017
Momentum thickness/span, 6 /S 0.015 0.013
Shape factor, 6 /6 1.3 —
Momentum thickness Reynolds number, Rey 4245 2800
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42.5 EBRFIE
AREBRTHE, R U+ —VOBRER L 7 4 )V AGBHIERZ G L. RIETIT,
FOTRIEIZOWNWTIRARAS,

4251 BRERFROFE

BURERIL, = Ko+ —/VIZEREZ M0 M1, BEMOBURR A4 U S, ZofEsE
HIREAZ IR A TIZEVEIT D, e —%—D FI2iE, WEWH 2%, BEamor —% —#
RN TELETERMCHENLD LT L. b —F—hb05s HBEIT e —% —8uk
KD 6-18%, B—X—FhH~DrEn AL, UL 0.6-1.5%RETHsH. ZhbEEBEL,
FHE S 4D BMRER ORZEIL, Nu $=250 D & =, SNu=*17.5 (3%), Nu $=620 O & X, Nu=
+344 (5.6%) Ths. FEBRFIEOMELZXK 4912, ©—F—D/EIAZK 410 1T5R7T.

St=— 1 - T (4.4)

pCU, (T,-T,)pC,U,

IR Camera

o

T Constant heat flux

/ c surface

Fig.4.9 Heat transfer measurement.

Slot plenum
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Fig.4.10 Endwall heater for the heat transfer measurement.

4252 T 4NV ABEAZERHRIOSE

T ANV AEEVNRIL, = KU — UBERI Z MBS O L, WrEBEIREE T, 2545 2
IR, TR & 2250 T.AHWT, & 4.5 L LTERLE. MEOHEAX
4.11 2R

_T.-T, ws)
T, |
IR 77 A Z OFHAFAZEIX, £0.58CTH Y, 7 4 /v LimFEIZhH 0.03~0.7 (2% LT dn=20.02

Tho.

Slot plenum
Film cooling plenum

Adiabatic Effectiveness:

<: n= Tfreestream_Twall — T[x) _Tw
T/'reestream - T’Cuolant Too - T‘c

Fig.4.11 Measurement and transferring of the adiabatic effectiveness.
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IR B AT, = RU+— 2K EFITE 513 E, HENILL Wnizd, JMUoT 71
JVBEIZ 14 EFTD IR WA T HRETDHIZOOBEZRT, g LB LE -SRI EDLYE, &
R 2 ER LT,

4253 Liixvy hOBMAELRE, 74V MHEREORET L

kRt Aw vy hoOmAZERIE, BIRKEE 225, LFE (Laminar Flow Element) (2 Ciii&%
AL AT, BifiAry FOX¥ ET 4 IZHEASH, LEftAR Yy MWL HANRANDE
HMAShS., Bfizwy ME, 22Xy FIiZhblzo TRIESNTWS 720D, K (4.6) (12
X0, FRICKTHHAEKESE LT, kL.

%SlotFlow = % x 100 (4.6)

passage

T 4 AmEIZEGEE, N @7, X @8) ICEVHELE., &7 4 Vv AmEFLOMEKS
FyYET A DOENEFHRL, FEMREDIREEZANT, K 4.7) b, HElEKELZRD
72. 22T, CpfEIF08 EIRE LT

pooUoo,l P Po ,plenum — Po,in

mFC = CDpcAhole P P 1 5 +1 (47)
¢ ® EpooUDom(l Cp,l)
P,—P.
C l:u (4.8)
P, 1 2
EpooUoom

JAFT DA AAUE S, HAANEEIZ, CEFD AW CHEE L=, HEREL M1, X 4.9) |
Yk, K412 12FNFND 7 4 LV NEHFLICBIT A EERE, 2R

M = & — p_L‘ PO,FC B Po,in[et
ooUoc o0 1 2
PUss P U i (1-c,,)

+1 (4.9)
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(a) (b) (© (d) (e

Fig.4.12 Contours of local blowing ratio for: the flat endwall of the planar passage (a) 0.3% FC, (b)
0.5% FC, and (c) 0.7% FC; the flat endwall of the contoured passage (d) 0.5% FC; and the contoured
endwall of the contoured passage (e) 0.5% FC.

43 T ANDLBHHBRA~OERHa XY T DR
AREITIL, 4.2 BICRAZ AR, EBEEEZ AWT, =2 KU+ — D7 ¢ )V ARHEIE,
BRER L LR T,

43.1 LA v Yy FrbORHDOE

ARTETIL, Contoured T2 K7+ —/D 7 4 )V ILEHIZHRIZHOWT, Flat =2 K74 —/L
D7 A NVLGHHZREHE L Tiwd 5. EiiAny Moo ERELT (LI E256
D, EfgAwy hNFY BT 4 NEZE 43 IR L.

Table 4.3 Cavity pressure of upstream slot for leakage slot flow 0.3% and 0.7%.

P slot ~ P 0.0
0.5pU2
Leakage Slot Flow ,%
0.3% 0.7%
Planar Passage: Flat Endwall -0.63 -0.14
Contoured Passage: Flat Endwall -0.99 -0.4
Contoured Passage: Contoured Endwall -0.82 -0.19

KT ARATGARIZHKT L, 7 4 IV DLZERE 03%ICEE L, LitAn vy FnbORNnZESE
% 0.3%,0.7%& L2 B D, = R4 —)L ED T 4 )V NBHGR S & 23K 4.13(a),
413, Bt A B v F b OIRAVZERIT K DB IT W T D T A S AR D
LBabA (ZA) BREBMKT S, #—ECBORBNERT HHESMICLY, kiR
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2y RS ORAZESRIE, ©y FHMAEICHREET, EHOERWFRANZ M- THtild
ZENRRNTHD EB X HIDH. Contoured Passage @ Contoured Endwall D54, EiiAw
Y MZE D22 FUd—RHRD 7 4 v DRERRITEFEWA, o 2 75 —203, L
Ay N EEFH A/SRAD 90D FEL & DHEERE L & 725 —F T, Contoured Endwall
DBy, 74° (=90°-16°) ORE M LAEE LSO ENFEKNTHD EEZ NS, Lin B
IZED 90MREH L Lz L, 45°REH LD T 4 VABHNERBIFTHD Z ENRER
TR L Rl—TCo 5. F7=, Contoured Passage @ Flat Endwall D55, EiEA B > MivH D
WNZER OB, ©y T HREITILN D B/AE W, 2k, EiiAey hofxy 7
AJENR BTEIFD T ANRADH TRBENZ ERFRTHL EEZLND. Zhb DM
%, EifiAe Y O LORNEREE 03%000 0.7%IZHEIN S H 72545 R TH 5 23,
0.7%CINZEREHMESED L, EfiAw vy brbORAZERIL, By FHEICEYD RN
FPHICDOT > TREHT. ZuE, EiAey b2 oo EcEr il L-5E, Sy E
T ENBEINL, KV IEHEHBEICDTE - T, IWNZERDOF v BT 1 E103mPET O A7 A AfE
HEVELS DD THS.
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(a) 0.3% Film / 0.3% leakage

(b) 0.3% Film / 0.7% leakage

contoured passage

planar passage flat endwall contoured endwall

Fig.4.13 Comparison of adiabatic effectiveness contours between the three endwalls (a) for 0.3%
leakage / 0.3% FC flow and (b) for 0.7% leakage / 0.3% FC.

432 74 NV ABHESBDORE

ATE T, Contoured =2 K7 4 —/L DT 4 )L AEFEIILN G D T 4 )V AEBEFIFHIERIZONWT,
Flat =2 R4 =N D7 4 )L MG HZSR E R L T d™ 5. BiiA e v Fbolih 25X &
BLOT7 4 v 2mHAZER EZ, M 4.13()DFNEI 03%, 03%010, EfiAay b0
WNZERELZ 03%ICEHEL, 74V AmAIZEREZ 07% WIS ETSGE60, = Fux
—IDT 4 NV LGHBNR M Z X 414 \RT. 7 4V AIMEAIZERD 03% T H1X 4.13(a)
D54, Contoured Passage @ Contoured Endwall Ti%, EHIDO 7 4 v AHEIFLIZE B 7 4 v
L HEIZHEIX, Planar Passage <° Contoured Passage @ Flat Endwall & bbifz LT HAK<, FFIZ
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EFAICIZIZEE A E 7 4 L ARFNTWDRNT ENSNA.

0.7% Film / 0.3% leakage

contoured passage

planar passage flat endwall contoured endwall

Fig.4.14 Comparison of adiabatic effectiveness contours between the three endwalls for 0.7% FC
and 0.3% leakage flow.

TV RU A=AV DT 4 )V hmE R L, BB DEWITE A~ 25%E Y FO 8%
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RS WAk ABUAEMEATIC TR L2, B A v v MEZ O TIE, RO (25%
v, X4.15@)) L TiX, Contoured Passage @ Contoured Endwall @ 7 ¢ /L A EIZHR I
K<, Planar Passage O &L, BLZ 12 1@, 2t AR E (50%¢E
vF, K 4.150) THE—THDHD, 431 HTRLIEL I, ERAay bhbOFILZE
RUZ LD 7 4 v A FEIZHEIL, Contoured Endwall @ Contoured Passage D354 03 & i\ .
— 5T, 74V ARHEEREE 0.7%F THINS 7234, Contoured Passage @ Contoured
Endwall IZ81F % 7 4 v ARHBNERIX, 7 4 )V AHEIZEKEDN 0.3%DHE0 6K E L [ kT
DM, —HT, DT ARATGIRITONWTIE, 7 4 VLG EIZNEAR O LI /N S iz
DIZ, FERAIZ, K 41700 T 0.50P Dt LD 7 1 /v ABEINERIE, x/Cp>1.3 DOHElk
ZERTIE, HARRBRIZE D ZRPNSLSRDZ N5,

88



Planar passage: flat endwall Planar passage: flat endwall

— — Contoured passage: flat endwall — — Contoured passage: flat endwall
----*=--- Contoured passage: contoured endwall ----»---- Contoured passage: contoured endwall
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Fig.4.15 Comparison of adiabatic effectiveness levels between the three endwalls for 0.3% FC and
0.3% leakage flow, sampled along inviscid streamlines released from (a) 25% pitch and (b) 50%
pitch.

Planar passage: flat endwall

Planar passage: flat endwall

— — Contoured passage: flat endwall — — Contoured passage: flat endwall
----=---- Contoured passage: contoured endwall ----=—--- Contoured passage: contoured endwall
17\\\‘\\\‘\\\‘H\‘\\\‘\\\‘\H‘\\\‘H\‘\\L 1 \\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\7
0.8 |- - 0.8 | .
) ] T . 1
0.6 — 0.6 " . = A
] L - /,\ A / b ] ]
= B & TN AW ’ . s
0.4 0.4 N Vo LR
AN I S
|- s " pu|
0.2 0.2 — \ L
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Fig.4.16 Comparison of adiabatic effectiveness levels between the three endwalls for 0.7% FC and
0.3% leakage flow, sampled along inviscid streamlines released from (a) 25% pitch and (b) 50%
pitch.

[44.171Z, Contoured Passage TD A/ HafitiH = % —Z 7R LTz, Z D)5, Contoured
Passage D, HA/SNADET 5 Curvature D72 812, EFEIXXFAEEID & PN JEAR~TA)
2O ZENaDD. T Curvature (2 XV, WM, 37255 Flat Endwall I 7 ¢ /L AT
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Lo T, ERIFRETI LD b, MRMIICT 4 VAOFBEEZIZ DM ERD. —FHT,
SAJEMR, 7235 Contoured Endwall | D 7 ¢ )V A2 & - TlE, 7 4 )V AR HIZER D HIBE S
ME725., ZNHDOEROTY KT 4 —/UIZx 9 D E AR DR )5, Contoured Passage
@ Contoured Endwall I Tix, M7 ¢ Vv AGEZHER, KTFT5EE1206015.
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(a) Spanwise velocity distribution.

- v T = |

Planar Passage Contoured Passage
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Fig.4.17 (a) Spanwise velocity contour at the leading edge in the perpendicular plane to main gas
path for the contoured passage and (b) film image of the three different passage patterns.
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Fig.4.18 Comparison of Nusselt number contours between the three endwalls with no leakage
flow.
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Fig.4.19. Comparison of Nu number contours between the three endwalls with 0.5% leakage flow.
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Fig.4.20 Comparison of Nu number contours between the three endwalls with 1.0% leakage flow.
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Fig.4.21 Comparison of Nusselt numbers between the three endwalls with no leakage flow and 1.0%
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Fig.4.22 Comparison of Nusselt number augmentations with no leakage flow and 1.0% leakage flow,
sampled along inviscid streamlines released from (a) 50% pitch and (b) 75% pitch.
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Fig.4.23 Comparison of Nusselt numbers between the three endwalls along the pitch of the vane
passage at 0.35C,, with no leakage flow and 1.0% leakage flow.

94



442 ERA® Y MED L DORNERNEEIRICE 2 2 H8

A m y FIrbORNEREE L LTeYG, xz Vil DES = % — & Fluent T L
7o RN NV D534 % K] 4.24 12773, Contoured Passage D413, AN /NS
ZENGmBD. TANRIEIRE Contoured & L, AifgE T R4+ —/UiZxi L THEAI S E S
L, B2RETRLEL G, EATFMNTRBOBSERMET T 5. BEHRHOBE /NS
75 Z &iZhN4, Contoured Passage @ Contoured Endwall D551%, FEEHE O ONME D
0¥ - UEARMCEET 5 2 ENSN 5.

425 1C B Ay MinbORNZERE 1.0% L LizHa 0, Zkith o7 bR &
OIESN a2 —zmnd. K424 138, HEERNE IO BEHER TH L LB DN,
425 INEEERE LR E VD LY, EiiAny MDD ORNERD, BEkmE Ak
LT ENMD. Tihhbb, HESEFENARKICEZRL T, BEREZERT2 A=A
W22 C, BiAw Y b6 OILZESRD, Tl AEEkAZ LT 5720, wikxTE
S FEEHBA TR 7o TS, RitA v v Fb Ol ZEREEDSE1E, Contoured
Endwall D355, BEHRITE T TRICER SO TR, WhZEREZ 1% 5 &,
FEEHBONEIXIZIER — &7 5.

0.06 7]

T L
S A

e
s B

1
N
Very
EEEAII LTS
B

-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 O -012 0.1 -0.08 -0.06 -0.04 -0.02 0
xc

-0.12 -0.1 -0.08 -0.06 -0.04 002 O
XC
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Table 5.1 Parameters for stator vane operating and wind tunnel conditions (PW6000).

Engine Wind Tunnel
True chord length , C 66 mm 594 mm
Axial chord length , C,, 33 mm 293 mm
Span , § 61 mm 549 mm
Pitch , P 51 mm 457 mm
Aspect ratio (true chord length to span) 1.08 1.08
Solidity ratio (true chord length to vane spacing) 1.30 1.30
Inlet velocity 92.9 m/s 6.3 m/s
Inlet Mach number 0.12 0.012
Exit Mach number 0.90 0.085
Inlet Reynolds number, Re;,=(oU;,C/1i) 2.25x10° 2.25x10°
Exit Reynolds number, Re.,=(pU.,,C/1) 1.2x10° 1.06x10°
Stagnation temperature, T 1666 K 293 K
Stagnation pressure , Py 10.34x10° Pa 98.4x10 P* Pa
Flow inlet angle 0 degree 0 degree
Trailing edge metal angle 72 degree 72 degree
Inlet absolute viscosity 5.86x107 Pa-s 17.9x10°Pa-s
Inlet density 2.123 kg/m’ 1.16 kg/m’
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Upstream Slot
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Fig.5.2 Upstream slot and the midpasasage gap location for mating two turbine platforms.

Yane

Endwall

I
4

f /;:m ST e
lf.lmm - Slot 4 %

Film Cooling Hole

Fig.5.3 Critical dimensions of the slot and film-cooling holes at model scale. (9X, the figure is not
drawn to scale.) wi
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- w3

o
Mid-passage gap plenum
Fig.5.4 Cross section view of the mid-passage gap plenum and accompanying seal strip.
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Table 5.2 Summary of geometric cooling parameters for both cooling configurations.

Parameter Value
Cooling hole I/d 8.3
Film Cooling Hole injection angle 30°
p/d for leading edge holes 4/3
p/d for passage holes 3
W4 — Upstream Slot Width 14.3 mm
Upstream slot Slot length to width 1.88
Upstream slot location of vane -0.31C,
Slot injection angle 45°
W1 - Passage gap width 6.35 mm
HI - Seal strip thickness 0.5w1
B - Passage gap depth 10H1
Midpassage gap H?2 - Seal strip gap 2H1
W2 - Seal strip width 16.8H1
W3 - Passage gap plenum width 28H1
L - Midpassage length 676 mm

Table 5.3 Comparison of cooling features at engine and study scales.

Feature Engine Study
Scale 1 9

Slot width 1.65mm 14.9mm
Slot length 2.99 mm 26.9 mm
Cooling hole diameter, cm 0.51 mm 4.57 mm
Cooling hole length, cm 5.08 mm 38.1 mm
Gutter width, cm 1.27mm 11.4mm
Cooling hole I/d 10 8.3
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Fig.5.5 Computational Models with the upstream slot, film cooling hole, midpassage gap and their
cavities.

Fig.5.6 The volume mesh for the entire domain.
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(a) Top View of Domain.
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(b) Side View of Domain
Fig.5.8 (a) Top and (b) side views of the computational domain with the boundary conditions.

533 XELFRERX L BIEMTET LV

BAERHREIL, FEIEME, Rk, (KRG CHEM Lz, BEF RISy r—TTh D
Fluent!"”"C32#fi L 7=. Fluent/UNS I3 Pressure Base (D FE/E#fE CFD Solver Tdh V), FEHEEH T
IZH %t L, Solution Adaptive D A ¥ 2 /R AIRETH Y, KV @VIREAR, AR
ICHHEIRTE D Z & B L9 5. 3HHIE, UNIX D AT A (Virginia TEHKS:0O VTEXCCL
MERICTHRE SN 4 7k v PO~ SGI Origin2100, % L < IE Virginia TR KZ0
S B RN E Sz 32 7 ek v o~ 2 SGI Origin2000) THEAT L, #FEEFMIX, 120
T A v 2 THI 10 KR Td o 72,

TF—HRA L LB E O AL Y, Reynolds Averaged Navier Stokes (RANS) /7
BRL, 2 be—AAR) 2 —2NETHESRS.

Fluent Cl, Navier Stokes FFER DO XTRIEIZ DWW T, WL DO OBEEA L FIEAFEH T 5.
Segregated Y /L N—Zfio> T, —kbH L ILZRBEBULTFEZIBIRT 52 &N TE 5. — Ik
BERUE TR, BOBOOKFOTLTREZFRT 22, “RBEBILTFRIT, ThTho A
v Va2 DBERPLT, AR T LS. —REEBIL AL, MERTRLETHY, —fRICH
7RO OF R CHEH SN D, “RBEBULFIEL, —REEBUEFE L R LT, BUREE5
OHBEEL VR, BENDESV. FREEFPEARICEEZRNT b T Ay 20581, &b
BWIGRAEO 7201, ZIRBEBUEDSHER SN TV D, LD o> T, KREOEEMENT XX T
ZIRBERUE T IEE .

J£ 77 & EEE I Semi-Implicit 15, 37245 SIMPLE &2 FIH L7z, WNSGIE T CTOMYT
T, ANASRHIZE > Tk sz,

5.3.4 ELIRE T VI K OEEREEE D BB

SEIOEHTTIE, =2 FU 4=/l T7 4 VA HZEREB LR ZELBTRA L TE Y,
H A Re 3013 1.2 X100 ICHET B 72012, SEFUBITELITE S IRET 2 LER D 5.

AEWNC, ELiE A BT 2 T, FEET O Navier-Stokes HHEATH 5. BERAIIZIE,
ELES D Navier-Stokes HFERAfiE Z EIXFTRETH 53, < OFIAEBHRNLEL 721,

109



BEA TRV, TROLHRNADTXTORS A7 —/, RRA T — Ve BERH Y,
& Re BT, MOJRVHEIFHDOR S A 75—V EREE A 7 — A3 s DL, ELiS O
Navier-Stokes 724 H 27473 5 Direct Numerical Simulation (DNS) OFEfT3#EL VY. L
ERoT, ARRIEREEZET ) U/ L, ZOET ) U7 EEMLT 572012, W07
Ta—FNnNEond. bobl b HNWLNTWAT Za—F 1, KFfEY) Navier-Stokes
FEATHY, Zhick v BfifbIn FRXOMEM Z L2 b. oz (5.1)
\Z, Navier-Stokes D HFFEX A2 (5.2) (TR 7T.

d 0
—+—(pu;)=0 5.1
o (pu;) (5.1)

LA NVSEROREAL, FERPES OIS, BEpOHICEISND. 2L 2, &
FERGIE, TROLIICEZEIND.
E=uﬁﬂ; (5.3)
2%z, (5.1, X (5.2) IZRALT, KFEHEZ LD Z &I12X D, Reynolds-Averaged
Navier Stokes 520 (RANS) 233615, @it TRENTILED ST (5.1) LFRETHD
28, wEmEhE AL, X 54) XTI nsE) THD.

6Dui —_8_P_|_ 0 aui _|_auj _g %5 +i(_ ’u’) (54)
Dt ox;  Ox;, a ox; 0ox a v X - '

RANS OiEE)EHFEA, X (5.4) 1, X (5.2) oBEREXLIZFEFRFETH D08, Lk
DB A FHTHHEMNBIMES N, Z O Reynolds Ji HIE EMEENS. KX (5.4) &R 72
DT, BINEZET /MET 52 ENBEIZRY, SOITRAOEREINEANSI, kA RET
e, ELRETANMER SN D.

Reynolds J& 1 & ET MET LT, o & bR I TV S FIEIL, Boussinesq UTfEl
EESZETHDH. ZO7 7 a—F 4, Reynolds i /1 & AR & BhEfHIT 5 FIETHD.
ZOFEEZMNT, Reynolds Jin /1%, LLFOR (5.5) OXIITRESND.

ou. auj 2 ou
— o'y = T -2\ ok 5. 5.5
puU; ﬂt(ﬁxj +8x,.] 3(/7 + 4, a [] i (5.5
X (5.5) T, wldiwksrEd U< IEELEETH Y, K (5.6) ZHWCEHEINS.
k2
H, = " (5.6)

X (5.6) TEIFEFEB=RLFXF—THY, ¢ FTERBORRTHD. 22T, wldAA 7

110



—®mTH Y, Isotoropic 72 E L TIRESIND.

FLRET NV E LT OIS HOWLNDET ML, B ke TV TH DM, AL TIT,
RNG k-¢ E7 /L %M L7-. Radomsky'", Hermanson HU'#|%, #—v o WNEO kLT
A ZNODOFENEL TSI EE2RLEE. RNG ke BT /MT, ke ET /L& ROBIFRLL
IR —THDHENZD.

(1) B2 OTHBFET HIMNEG TOIEMELZSET L2HN  FEXICEEINS.

(2) GEIRD) AT —APFEET DRI CEMMEAZET 2HENEEND.

(3) 1B ke T VITEBNT, ELIET 7 > PAVEIE, user ERO—EE L 72575, RNG
HERITET 7T o MVB ORI X2 52 5.

(4) 1 ke BT VL, @ ReFFET NV THDHN, RNG ke ET VL, K Re FTHHZ
TRREME R, AT SN AT TE 2 5. 2L, BEREZEUICIR S 2 &
DETHD.

BETAE I 2 THIT 572018, KS9IREND 280 OFERH L. O LD, BT
DET V7@ LT, BIFONEZM< T (Near Wall 772 —F), & 5 D& DFEE
B2 WD HETH D, Near-Wall 77 10 —F (%, BETEHIZIEF ITHIDNN A v 3 2 DAL TE
LR DN, BETEE E COMMEREERORN L BRI 5. — T, BRI, HRE
W, HFIZ viscous sub-layer 35 L OF buffer-layer % 58I fiE < I Tix/ie <, wWEY;, HEY
28T 5, BELFOELTTIRRE R IT KT U T, ERAVNIZRD bR A 252 L2 kb,
BELEOET Y 753 23R ER A2 KIEICHiKT 5.

Viscous
sublayer
Wall Function Approach Near-Wall Model Approach

Fig. 5.9 The two methods for modeling the viscous boundary layer [o]
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Table 5.3 Various Settings for Under Relaxation Factors.

Variable Default Modified

Pressure 0.3 0.3
Density, p 1 0.7
Body Force 1 1

Momentum 0.7 0.5
Turbulence Kinetic Energy, £ 0.8 0.8
Turbulence Dissipation Rate, ¢ 0.8 0.8
Turbulent Viscocity 1 0.9
Energy 1 0.8

1e+06
1e-01 5

1e+04 Residuals 1e-02 -\ Residuals
— continuity I\ | —continuity
— x-velocity \ |\ — x-velocity
1e+02 y-velocity 103 4, |\ y-velocity
—— é ;,::g;’;ny ] ‘ t\ h —z-velocity

\ \ energy

1e+00 —k i 1e-04 o \ —k
epsilon 1 S— epsilon

le02 \ 1605 —

s Jl :
1e-04 \ o U\.J\NJKN 1006 .
kAN ]

1e-07 4

1e-08 T T T T T T T 1 1e-08 T T T T T T 1
0 100 200 300 400 500 600 700 800 0 500 1000 1500 2000 2500 3000 3500
[terations lterations
(a) Default under relaxation factor (b) Adjusted under relaxation factor

Fig.5.10 (a) Convergence of residuals in initial computations, (b) Convergence of residuals after
reducing the under relaxation factors.
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Fig. 5.11 Examples of hanging node adaptions : (a) all nodes not shared with a neighboring cell,
(b) adaption of simple two-dimensional cells and (c) eight tetrahedral cell from simple one cell.
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Fig.5.12 The endwall grid before and after adaption.

HEHEREDOZ ) v MRIEMEZ I T 272012, By FERO T 4 LV LAGEHBIROE =4
U > 7 %AT-7=. Grid Adaption (2 X D A w2 2808 120 T 150 HIZZELLTH, X513
WRTROICEHT Y R+ — LDy T T ¢ )L MREIZNERIT, ©y T T 1 L LG H

Zhak n 28 0.11 OFEFTIZ T dy T0.005 FLE LA LW, ZoZ ik, KECHW:
BAEfRT O 7V v MR/ SneEnz 5.

0.6 .
0.5 ]
0.4 E
= .
03 | =
0.2 | B
i no adaption 7
0.1 2 y" adaption B
- y+/ temp gradient adaption ]
0 - TR TR TR L
0 0.1 0.2 0.3 0.4
X

Fig.5.13 Pitch-averaged adiabatic effectiveness of various adaption type: y* adaption, y* and
temperature adaption and no adaption.
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Fig.5.14 Multiple coordinate systems and definition of the secondary flow vectors.
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Table 5.4 Computational Test Cases.

Geometry Flow rates (% based on hot gas path flow),A p*
Upstream Mid-passage Upstream Mid-passage Film-Cooling
slot gap Slot leak Gap leak
Casel Nominal w/o gap 0.75% - 0.5%
Case2 Nominal Nominal 0.75% 0.0125% 0.5%
Ap*=0.46
Case3 Nominal Nominal 0.75% 0.3% 0.5%
Case4 Nominal 33% Wi 0.75% 0.3% 0.5%
Case5 Nominal 11% W1 0.75% 0.3% 0.5%
Case6 50% W4 Nominal 0.75% 0.75% 0.5%
Ap*=0.94
Case7 150% W4 Nominal 0.75% 0.75% 0.5%
Ap*=0.36
Case8 50% W4 Nominal 0.25% 0.25% 0.5%
Ap*=0.46
Case9 150% w4 Nominal 1.30% 1.30% 0.5%
Ap*=0.46
Casel0 | Nominal Cascade endwall 0.75% 0.75% 0.5%
Suction side DOWN
Casell | nominal Cascade endwall 0.75% 0.75% 0.5%
Pressure side UP
Casel2 | Cascade Nominal 0.75% 0.75% 0.5%
endwall
combustor UP
Casel3 | Nominal Dam endwall 0.75% 0.75% 0.5%

Suction side UP
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Fig. 5.15 Contours of adiabatic effectiveness on the endwall for experimental results (a) with and
(b) without mid-passage gap (Cardwell et al. [19]) and for computational results (c) with and (d)
without mid-passage gap.
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Fig.5.16 Computational and experimental pitch-averaged effectiveness with and without
mid-passage gap.
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Fig.5.17 Computational results of the adiabatic effectiveness along the streamtrace (0.5P) shown
in Fig.1 without and with mid-passage gap flowing at 0.0125% (case 2).
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Fig.5.18 The velocity distribution exiting along the mid-passage gap for an aligned endwall
(case2).
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Fig.5.19 Secondary flow vector and non dimensional thermal field for the secondary flow plane
(x/L=40%) for (a) no mid-passage gap and (b) with mid-passage gap.
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Fig.5.20 Secondary flow vector and non-dimensional thermal field for the secondary flow plane
(x/L=60%) for (a) no mid-passage gap and (b) with mid-passage gap.
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Fig.5.21 Contours of adiabatic effectiveness on the endwall for computational results for (a)
0.0125% mid-passage gap flow (b) 0.3% mid-passage gap flow (c) 0.3% mid-passage gap flow with
0.33 seal strip gap (d) 0.3% mid-passage gap flow with 0.11 seal gap.
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Fig.5.22 Non-dimensional z-velocity distribution along the mid-passage gap.

S
%

B 0.0125% ]
027 0.3% ]
| = == (.3% with 0.33 seal gap |
T 0.3% with 0.11 seal gap |
0 \ \ \ \ \ \ \
0 01 02 03 04 05 006 0.7
x/L

Fig.5.23 Non-dimensional temperature comparison along mid-passage gap.
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Fig.5.24 Velocity contour and non-dimensional thermal field in the mid-passage gap for (a)
0.0125% mid-passage gap flow with original seal strip gap and (b) 0.3% with 0.11 seal strip gap.
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Fig.5.25 Contours of adiabatic effectiveness comparison of the various upstream slot widths with
the same upstream slot coolant: (a) 50% width, (b) nominal width and (c) 150% width.
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Fig.5.26 Non-dimensional thermal field contour and velocity vectors in the plane A for (a) 50%
width (b) nominal width (c) 150% width.
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(a)

Fig. 5.27 Contours of adiabatic effectiveness on the endwall for (a) 50% width and b) 150% width
with same pressure difference.
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(c) (d)

Fig.5.28 Endwall configurations showing the four alignment modes for two adjacent vane
platforms: (a) case where all surfaces are flush, case2 in table 5.4, (b) cascade case (the suction
surface is lower than pressure and combustor surfaces), casel0, (c) cascade case (the suction surface
is lower than the pressure surface but at the same length height as the combustor surface), casell,
(d) combustor surface is higher than the suction and pressure surfaces, casel2, (¢) dam case (suction
surface is higher than pressure and combustor surfaces), casel3.
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(c) (d)

Fig.5.29 Contours of adiabatic effectiveness on the endwall for (a) cascade ss_down (b)
cascade ps_up (c) cascade_combustor up (d) dam_ss_up (note that U refers to raised side and D
refers to lowered side).

0.20 0.20

0.10

s

ssssssosse-
Ll I NP R -

0002 0.00

-0.50 -0.40 -0.50 -0.40
x/p x/p

(a) Flush case (b) Combustor UP

Fig.5.30 Non-dimensional thermal field contour and velocity vectors in the plane B (a) Aligned
case (b) Cascade case (combustor_up).
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Fig.6.1 Wind tunnel configurations for the flat plate film cooling test by pressure sensitive paint.
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Fig.6.2 Calibration curve for Pressure Sensitive Paint.
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Table6.1 Various image for film cooling effectiveness measurements.

Light Main flow | Film Cooling Film
(Air) Cooling(N,)
@ reference image Ler O — — —
@ mix image Loix O O — O
@ black image m — — — —
(without illumination)

6.2.2.3 RBREM

HEBREIFIX TR L 5 ITERE
Tl V. =40m/s, T,=20°C, P,=0.IMPa(abs.)

7 4 VA T.=20C

L.
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Fig.6.3 Comparison of film cooling effectiveness by Pressure Sensitive Paint to the existing data
for M=1.0.
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0'5 [ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
P + Shaped Film Cooling Hole M=0.5
o [P=6.0 |- M=1.0
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- M=2.0
03 ]
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0 L I | ‘ I | ‘ I | ‘ I R | ‘ I |
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Fig.6.4 (a) shaped film cooling hole configuration and (b) film cooling effectiveness of shaped
hole for M=0.5, 1.0, 1.5, 2.0.
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(@) (b)
Fig.6.5 Profile of mean section of (a) Row 1 Vane and (b) Row 1 Blade.
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Fig.6.6 Outline of the Low Speed Rotating Turbine (LSRT).
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Fig.6.7 Endwall surface is measured by CCD camera in LSRT film cooling test.
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Fig.6.8 N circuit for film cooling air of row 1 blade and optical system outline.
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63.2.1 1BHEEE Y « LV AGEZR

BIEOD T 4 NV AHHEIFLINCONT, REH LUEEREL M % 0.5 2005 2.0 £ TELSET
EEDT 4V NIHHBNER S ZK 6.9(), X 6.9b)NIRT. UEBREHE AW EEHITCIE, 1
FIZ L OREH LEEOFIZ FEIE L T\ D720, FHIILTWD 7 0 VAL D 7 4 b A
LIZ7T—7TEIELTEY, T—7HEO7 4V AGBHHRITFHTE R0 20, M
Sy DOFHIT —# &R\ .

Ny

0.5

(M =L5

(M =2.0

(a) Second film hole of suction side

N

(©M=15 @M =2.0

(b) Second film hole of pressure side

Fig.6.9 Film cooling effectiveness of the row 1 blade profile for (a) second array of suction side

film holes and (b) second array of side film holes.
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MTIEE —E U REO ZRIBNDHET, 7 4V DHHIZELE DRI Z 28 FF [ ~ED >
TWDHZ ENGND.
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Pitch Average

Flat Plate (Picth Average)
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(a) suction side (b) pressure side

Fig.6.10 Film effectiveness comparison between of (a) suction side and (b) pressure side and flat
plate film holes (M=1.0).
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Fig.6.11 Film effectiveness contour of row 1 vane endwall from leading edge film cooling holes.
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Fig.6.12 Film effectiveness contour of row 1 vane endwall from 31 array film cooling holes.
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Fig.6.13 Film effectiveness contour of row 1 vane endwall (M=1.5)
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Fig.6.14 Film effectiveness contour of row 1 blade suction side from 1* and 2™ film array holes
(M=1.0).
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0 1 0.3 0.4 0.5

Fig.6.15 Film effectiveness contour of row 1 blade pressure side from 1% and 2™ film array holes
(M=1.0).
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Fig.6.16 Film effectiveness contour of row 1 blade endwall from 1% and 2™ array film cooling
holes (M=1.0).
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0-5\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\““‘ 0'5\\\\‘\\\\““““““H““““““H
Blade Platform Blade Platform

1st film hole array 2nd film hole array

0 L1l ‘ L1l ‘ Ll ‘ LI ‘ L1l ‘ L1l ‘ LI ‘ Ll 0 L1l ‘ L1l ‘ L1l ‘ L1l ‘ Ll ‘ LLld ‘ Ll ‘ Ll
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
x/d x/d
(b) Blade Platform 1* film hole (¢) Blade Platform 2" film hole

Fig.6.17 Film effectiveness comparison between of flat plate and (a) vane shroud 2" film hole,

blade platform (b) 1* and (c) 2™ film holes (M=1.0).
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Fig.6.1 Film effectiveness comparison between shaped hole and round hole for M=0.5, 1.0, 1.5.
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B %
Anole area of film cooling hole
C true vane chord
C or concentration (in chapter 3 for LIF measurement)
Cux axial chord of stator vane
Chis Model Coefficient for DES
Cp discharge coefficient
C, pressure coefficient

or specific heat

Cu model constant for turbulence model

d film hole diameter

D diameter of the nose of an airfoil

D, mass diffusion coefficient

h heat transfer coefficient

hp mass transfer coefficient

HI seal strip thickness

H2 seal strip gap

k turbulent kinetic energy

1 Intensity or momentum flux ratio

/ distance to wall

L length of mid-passage gap

Le Le number

m, m mass flow rate

M blowing ratio
or magnification factor (in chapter.2 for PIV)

n empirical constant

Nu Nusselt number (=StRePr)

P vane / hole pitch or pressure

P,orp total gauge pressure

Pr Prandtl number

Ps static pressure

DPw saturated vapor pressure of naphthalene

q" heat flux

R gas constant

Rep Reynolds number based on diameter

Ry fillet radius

S vane span or distance along vane circumference
distance along streamline

Sc Schmidt number

157



Greek

V.
XxYyZ:z

+

y
aX
a4Y

-

*

Q, QR

g
S

or ny

= I v O

S

D U <

Stanton number (= 4/ pUCp)
static temperature

turbulent kinetic energy

exposure time

time step

naphthalene surface temperature
velocity component

height-wise velocity component

mid-passage gap width

seal strip gap

passage gap plenum width
Upstream slot width

streamwise velocity in x-y plane,

Ucos ¥, + Vsin¥,,,, defined in chapter 5.
streamwise velocity,

Vicos®;y, - Wsin®;,,, defined in chapter 5.
normal velocity, Vsin®;,, + V.cos®;,,
coordinate system
inner coordinates spanwise distance

x direction movement in PIV
y direction movement in PIV

thermal diffusivity

or conversion factor in PIV

or under-relaxation factor in CFD
unit conversion factor in PIV
momentum boundary layer thickness

displacement thickness
depth of naphthalene sublimation
turbulence dissipation rate

stream-wise direction in LES
height-wise direction in LES

adiabatic / film cooling effectiveness
non-dimensionalized temperature

or momentum thickness

inclined angle, degree

kinetic viscosity

span-wise direction in LES

air density
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Ds density of solid naphthalene

Yinvms inviscid turning angle in xy plane, tan'l(V,»,,v / Uiny)

Dinms inviscid turning angle in xz plane, tan'l(W,-,w / Vs.inv)
Subscript

aw adiabatic wall

ax axial chord

CL center line

c coolant condition

conv heat transfer through convection

exit or out vane exit

FC film cooling

f film coolant

in vane inlet

w near wall

1 local

plenum plenum

S naphthalene

slot measured in the leakage slot or slot plenum

wall wall measurement

0 free stream condition

0 based on momentum thickness
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