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Effect of density ratio on film cooling characteristics of a bowed and
twisted turbine vane with fan-shaped film holes
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Abstract: The influences of density ratio and mass flow ratio on the full coverage film cooling
effectiveness of a bowed and twisted high pressure turbine st stage vane were studied experimentally in a
fan-shaped cascade wind tunnel. The pressure sensitive paint technique was used to measure the film
cooling effectiveness of the vane. Results showed that the film cooling effectiveness increased with
increasing density ratio and mass flow ratio. When the density ratio increased from 1.0 to 2.0, the spanwise
averaged film cooling effectiveness increased by 6% to 32%. The film cooling effectiveness only had a
minor increase when the density ratio increased from 1.0 to 1.5. However, it had a great increase when the
density ratio increased from 1.5 to 2.0, meaning that the relationship between film cooling effectiveness

and density ratio was non-linear.

Keywords: film cooling effectiveness; density ratio; mass flow ratio; vane;

pressure sensitive paint

Wt 5 M0 2= A AL A W B, 36 8 i 1 AR — LR A v SR, B2 N AE R
it JBE 0 2 U B v, 2 R ST A s K shpL i e BE R AR,
AR L EE 20 3 o A ) TR SR R IR, o R I LI B R SR A BAE FLEA T SRV 20 . [
R A A A, AR I e A RV FLASA T B, i TAR AR, I L AT (AR v

Y35 B B : 2022-03-26

B & /7 : TH9B(1984—), I, BEZCLRRIN, Bt FEMIFMHAHLI S B5T

SI A8 EMEhy, s, XA R . 2% LTSS IR AL S HIRCR R m (1], A 8 154k, 2023, 38(1): 70-78. WANG Xiaozeng, KAN
Rui, LIU Cunliang. Effect of density ratio on film cooling characteristics of a bowed and twisted turbine vane with fan-shaped film

holes[J]. Journal of Aerospace Power, 2023, 38(1): 70-78.



513

LRGSR 55 BE L X5 L B AL U SRR B R M 71

P RE AR X TG AR B B S 2 A SRR A
RO 38 oF SV N ROR RAE, Goldstein %P & 9
A SREAL R U X 23 B LA 46 6, FRAE BB
W5, IR0 i 2 B Ve A B RE T, AN 1] 198 A0
B, DA 36 AU 17 B 1 1) ARV FN AR . EAb,
FEAL U Ve SAEAE R A S v, o ik 1] L A IX.
IR, SO UL 0 2R B T X VA B R
AR, L IE] DX A v ARG ARG, SR 55 1 3
SRR 2,

et B HEFLALG SR ENRCRAR A S AR
AR A8, Goldstein'™ 2 Hi T #EFEFL . BifBL .
B TEAL . B AL A O R A S AL . S AR R
FEJS 3G 5k B, B m ALY 1 AR, e
AR B TT LG Ak ) 3 B2, 45 48 SR RO B
TERETHBTT o[RS, ¥ Sl ik 47 ik B 7E e ) 4 e,
4 R H B s A, o TRER Ak
Zhu ZEU B B ARV SBEALIE ST T R LG 5
RTINS FNECRAE R KL 0.7 B 35 B 85 5 o
Colban & GG AFFE T 46 I B JE LAY <R
BV, DEOC R I, ¥ RS I T T 1 B R
FLJG 25 5 B WO B, TG 12 7 R T BRI TR LA R R
JEEA i, S A Sk A D T % B B AL L O A Ve
S I B BE T e AL Ui X B R . [
Hh2E R — SR AL T TSP, Bunker!™
SEE T HZE 2005 AEAEALAL AL R K R D . B
BRI THEARM L, B C 2N &R
R ENEAY L, A SCHIF A X S R TR B
fLixit.

FEF ) K i 5 v, 5T RN R ) %
ZERIAK, SR 2 K BhFLEC S8 TN IR U5
JEAR TR AR E, RSB B E TR Je e R
Ve H R PE ) B R 22—, DR LT X 2 8 e i
S, [ N AN TE R T WF5Y . Pedersen %511 £
X EFLAF Y T % B L A 52 e, 55 LA Oy 350,
R 0.75~4.17, S5 FF, AR KT
S EN SR B 2 B H s g k. O AR Ak
B, AV HVROCR SR NG FRAK, A7 — > e
IR XU EE o o 2 B LRV SO B g, TR b e A
WO R\ L 23 Bl 285 B L 35 R K, % BE LR 1.5 I,
AR ELTE 0.6 24, T >4 %5 B2 Uik 3] 4.17 1,
B AHE WXL AT 3K 2.0, Sinha %5 U4 5 1 3 56 0T 5
T LTS IR AL AV FN AR 1 5 ), 9 B
LU B A0 3 o R R R SRR B S . S5 IR R,
WO LG T %5 B2 U SE IR AR o FEMRRUEL A 0.6 B,
AN [F) %5 B L B AR A3 30 5 T AE WXL LE R

1.0 B, 25 BE H R 1.6 F1 2.0 15 B0 F 3R A% 1 A
HARER E S THEZIL 12080 Schreivo-
gel S5 SR HPRL T 78 BR BORBIF ST 1 %% 2 H X [51 £L
Jeots L 5 (A 5 e, 235 2 36 W AR A W] %) XU L
T, B LA N SR I 1) 3 R A o TR AR,
T AH [F) A Bl f LU S0 2 38 R B S AR 32 %5 i L
RN, Narzary S50 S XFH7 &2 A A0 RIFL I = R %E
i, FeF 1 8URGE (pressure sensitive paint, PSP)
HORWEGE 1 %% B X2 SRR H SR 52 ), 2%
BE AR AT R 1.0~2.5, S5 R B, 7647 [H 1Y
WCXUFE T, A v 20 R0 3 I % 5 L 3% fn i 48 K
FE I R DT, % B AN 1.0 R F 1.5 i, A
Y ANRORIG A /b, TR EE LU 1.5 B OR ) 2.5 1,
SR BRI INE Z . Liu Y7 £ X0 2 &
A I AL B s 5E s, Sk ] PSP HARBFSE 1%
JE HOXT T4 U AR 52 0, 85 B L AR AR
Fil b 1.0~2.00 53R 87w, fEAH R OREE T, A8
Vo TR0 3 it 8 R L A 1 g 4 O, (LR B L X 2
G A RIS E B L/ . AEN R R )T,
B EE LN 1.0 3R B 1.5 1, SRR HIRCR I ik
%, M B2 AN 1.5 HE R 2 2.0 I, B8 J 2%
B> o AAESFEN R ] PSP RS Y B AR WS
T HEAVRHL S LS e, A I B LG R
SR R i LU O B B SRR AR . At
AR B X RS S, S ISR T L
XF A SRV HSCR B S, 25 R R WY, (R L
TR B R, AL R A AN B I [ A RE
T, SR AR T . B AP B T %
Pl X RS 3t AL A 52 o, 3 0 235 SR R T, 1
P RE LS LR U SRR 2RBOR I R . 2Rk AR
(IBIESE e L% B LU RE RS U v B TH AL S 1 8 i,
AT A5 A H 8 0 Bl AR P i AR U, R T
M) 28] £L T Y A AU VS JRRR 0T

SCHR 53 B 2 B, Z2 R0 90 A X P A B — 4k
W, BT %5 B X = e 25 i A i R AU AR
PR Wi B A AR X D o A S PSP R 4
AP IE T ALz K sl R iR 5 — 90 5
SR R R, I T %
P B ¥ ST i e L O SCRTRR I & 10 ) X SV
HIOR AR, W5 R AT S RS
B e A et

1 REHARTE

1.1 REESK
I XA A 1 s, R A R,

H¥



72 it = 3 J1 %k % 38 %
Stabilized Temperature A
section S collector |/ \
Heater 7\
g Turbulence grid & J j
Mainstream =
Shrinkage [ =
Butterfl section =
- utterfly = J Y/
Blower ~ Air Ball valve L Excitation light
tank  valve = /
. = Turbulence
P Pl i i
¢ ntensity
Secondary / P . . & measure point
flow L ressure measuring point
o o0z
: Relief 7
Blower ?rlfk valve DeJ 10 7
a Ball Mass Heater Three-way
valve flowmeter magnetic valve
B X R G

Fig. 1 Experimental wind tunnel system

G5 B0 WAL 4 Jo MR 28 3 it A R M
VBT BRI AN . BT I ME A L T A A, PE AR
9B, JE AR A . R BEAY O 2 i i
T A FTAE I, B T R R R P KA
FA U, s RS 303 Ko i R R

A AN B I L, A P A KU ASCHE AT i 3
Wi, EI I 12%. IR R GRS

e — ==

2R R B 15% AN AL S 85%
SRR A AUAK, 2 H O KL L, JA.
A AR LA S S AR S S S TR A S AR I 435
R SRR AL . ORI A M B, SRR £
I 11 0 B 2t 3 o T, 20 ok AR R R, R
a3 A HE A B AN NV I =, Bt B FLHE
AT o R G AR e A BT I I RO
Bl PO < A W (o RN 7SI DU = R b
B2, WIS TR R ek
FH =AW U5 BRI B, I H =
244 CCD(charge coupled device) L4 5l % it A
U SNSRI AN P i Sii e S S vl
F ARV HVRBOR 5341 B = A RS R PHE
AL o 156 B A — i 7 XSG 18 A9 B JE i, 795 )
A R FHAG AL 3% 38 DLR) T 40 4%, 5 1A BL s 28 0]
9538 18 A R AT A RS R R . R
g5 b TR 7 AR AR LT 288, b E R
SR E L ILIE 2,

K3 rr gy iy 7 e e e e e D AL A3
A, Horb iy i R A EA 9N EAL, g
N 1~9, W R g A EA 22 AR AL, S
M 10~31.

F1 MHHEESH
Table 1 Vane cascade parameters
28 Kl
%K /mm 203.5
HHEE/mm 168
HECA/(0) 90
HE/) 17.35
Turbulence
intensity
Temperature measuring point
Pressure measuring point
measuring point
Turbulence grid
Al — T
— 1
— 1
—] o !
— 1
—] o !
2 » ; o 1
128} — I
— ! 1
— o |
— i
— 1
v FH 4
200 200 100
< pe »e—» |50

2 WA R R AT (A mm)

Fig. 2 Schematic of vane cascade (unit: mm)

R 3 18 HEAEAL, FLHEGR S 1~4
FEIE AL, STk g . LRSS S~ 11
KBRS, AL T R gk, xsoh gty . fLHE
i 10~15 Fl 17~ 18 N EIE AL, fLHEG = 16
RBRESL, A F R TR, Horp, AL 1~
14 /AT LA, SBREFL 15~ 18 HE I HER, P



513 FWRIG AR, 8 L 2 L S B AL AU SRR AR ) 73

AT I F R W 4 A S, P 6 o p
il T BBALAG S RIFE, S d S BEAL 4% o Z\:\
WAL, B R RS, 0 K A . Bt -

K6 JefiaiEALn =
Fig. 6 Schematic of laid-back-fan-shaped hole

JE L2 B BN R . FLAFR S 30°~45°, ¥ 5K £
A 10°~15°, Jafiiffi >~ 10°~15°,
1.2 BHEX
TR O FIBEEE LN

:pgng

Mg
K p, HEWHEE, v, B EWE L, uh FE BN
DFEEE, ¢ ot i %K . RIS ot
TEECH 1.2x10°,

Re (D

3 R AL

Fig. 3 Static pressure hole positions

R T s ) RECE N
C,=(p=-p/(p"=pD (2)
K p it i REFHE, p R WaT 0B, p A
R SO
Rd: & (3)
Pg

N po R B o I P HE
AR I, R A B N 1,
{1 — SR A Bl ) 48 B LU 1.5, T 15% 7S AL
B 85% TR A I 2 5 R 2.0

4 LA R R T HE SO
Fig. 4 Schematic of film hole position

Rmf: ﬂ (4)
my
K KR BA M RS R . me—
HH I8 N IR
SRV ERORE LA

T,— T,
n= T,=T. (5
Ao T, S oA B it 7 3 T 4 PAVRE IR T, WA
Bl5 e LSty AR I i 2R TH] 28 RE L s T, R — U AL

Fig. 5 Geometric structure of experimental vane IR,



74 ito= d  w R 38 %
AR SC ARG AR ek A 4T — 20 %% B L R 2 O o 1.0 -
. y 09+
P, 22 g i T A AR T . _a
0.8 e
P
£2 RBIR 07y 7
Table 2 Experimental test conditions f 06r = -
-
= 05} ’
ZH ¥l oy -
S VT
i 120 000 03F
L 1,15,2.0 0.2} - ;fiﬁ;izi
s RE jo) 12 0.1 - T:313:15K
ikt % 8.92,10.45

1.3 MEFHE

IR0 R H PSP AR, AL #Au A% [T 288 L it 2
FEA A HIROCRE, e, iR E AR
RS SR BT B AR AT C &

 Ty—Ta

Wy — W
g w
n=

T,-T.
2w,y i AR B we R R AU
AT E O S RERIZ A 0), woh AL
UORBIR G 1 R A T = o048

PR AT BUN ARG R, SRR 4D
AR SE LR

(6)

Wy — W

1
n=1- Pos (7
M,
1+ Po,r - fg
pOZ’fg Mair
pOz,r

K po, s N2 XA po, WEH KT
AR po,ph EWAM R BIR G W A 3£
T S8 00 He s My M 53 59l 0 — U I Al s A B
IR

PSP il & i Fy 3R AR S s B R BR AN R s S TR
A H BT Rk A I e R TR 8 K A ' W R I,
R R TR R, b TR AR 5y iR
Il A B A&, Hoam R /N5 e flg Rl 2 i A
A A G, U R U B ) R, D )
A0 5 G 2 (] A ¢ & AT A & IE Y Stern-
Volmer Jr FEHFATHEA, J5 e LT

-1,

ST A +B(T) P (8)
I_Ib pOz,r

Aoh AR B ; 1S % T 06 Lo 5
TOLIEH s po, RIS R o J7 R Y R KL 4
BHMEA K, Midtrd il immE. K7amT
P 1T 24 3 09728 A KL, Herp T A T

0 I I I I I I I
02 03 04 05 06 07 08 09 1.0
DeesdPo

& 7 PSP HEH AR E ML

Fig. 7 Calibration curves for PSP measurement technique

Pes WIRIEE T, py WS 1. fdiH PSP Il &
AR H ORI i B DL STk [20].
14 MEHFENAHEE
AR 6 A A B AR s R T A 1%
TR R+0.3 K JE /1 M+0.2%, PSP il & < JI5 % 40
SR AN R BE AN ER 3, 4307 i UL STk [23].
*3 RESESHYEER FHRBEE

Table 3 Uncertainty under different film cooling

effectiveness conditions

n CAn/mI%
0.01 14.11
0.05 6.24
0.1 4.36
0.3 2.38
0.5 1.73
0.7 1.36
0.89 1.12

2 FR5iTR

21 FEHRESH

ANFHE O FEBE SR, iR R &R
oA 8, Bl S T i M ik
K, ¢t o E 5% 1, TR T S/C<0, W g T
S/C>0. EHAEOFHEL Re 43515 90 000, 120 000
F1150 000, = Fh B EAM T, 1 REH 734
EFHHE, s 7 I —0.5<S/C<0 X 38} N [T 17 B %k
WU 0] 48 T [, 7 TN R UiE S/C<—0.6 X N
P 1 ZR B80T e ok B 388 I, 32 DRy T it DX
TSR, T A R RGEE N, Yl R N . T



513

GG A B LU 21 T R R AL AU E AR AR ) 75

J3TEAN 64 7 ZR B0 I ) 2 TR B AR AR S T
IO 2 PR Sy e 8 T S S 448 o e S %) DX 33
L IE TR N, RN, R BT,
PRI B B U B N R R e, i B
ME A 120 000 34 Jin £ 150 000 B 7 R4
4 9/ W R B KT A ARO 90 000 3 i %)
120 000 I Fs 3 R E 0 /MR EE o i T =R i i
LS RV SIS € SIS N A =R Sri e =87 2 &)
120 000 A5 1L T Ji SRS 50

0
_5 L
~10} Pressure side Suction side
715 L
U 20
_25 L
-30} —=— Re=90000
351 Re=120000
—=— Re=150000
_40 1 1 1 1
-1.2 -0.6 0 0.6 1.2

S/c

P8 SR R ) R

Fig. 8 Pressure coefficient distribution in midspan of vane

22 BELRNMHAEREESELSASFENTMm

KW R LA =R . T8
MFE & Sl T 00T % B HAE 2.0 224, IR GBIF 5%
1 25 B LY R R 1.0~2.0, Ui B He X i A st
B R AR AN 1] 9, AS [ U bR AR
A — B, [N b Bk B A B A R A L (8.92%.
10.45% ) T & 722 % i LU 52 e 43 #r -

B 10 25 T i bk 8.92%, — Fh % 1 L 4%
PR Ry R AR VBOR 3 Ai o TEME R
S, REAT R I 2R Ay AR HI AR B

— R, =12.21% — R,=11.67% — R,,=11.09%
— R,=10.45% — R,,=9.74% — R,;=8.92%

0.81

0.6

=

041

02L— : : : : :
-0.8 04 0 0.4 0.8 1.2
S/C
B9 i LT R U A A SR
Fig. 9 Effect of mass flow rate ratio on film cooling

effectiveness of vane

n 0 01 0203 04 05 06 07 08 09 1.0

0<S5/C<0.3 0.3<8/C<1.28

(a) R=1.0

—1<8/C<0

b
.Wmm““mwmwm-

0<S5/C<0.3 0.3<8/C<1.28

(b)R=15

—1<85/C<0

0.3<8/C<1.28

0<5/C<0.3
() R=2.0

—1<85/C<0

10 Wikt 8.92% LU T UK AR BE E H A AR 1
Fig. 10 Film cooling effectiveness distributions at mass flow

rate ratio of 8.92% under different density ratios

(RS AR AT R 1l 73 A AN 2] o et )
T Ji 78, A 3T FE R Ak 0 A HE LT W U B0
B, HAURHT R 7 m B SR BN A e
M 3T, HR AV B R R AR
AR DI BT L g BE AT S BE B 30T

Sy B L I ) = 4 SO 0 AT R AR A
il ad CFD BIFFE 1 M 2 UM H 3t i 2 1) o A
W 1L PR s BEITI R, M A A RS
T W SR L), TR IE T SR RS
TR, e iz ah TR B . H R
S e K2l 1 S NI DA S T s = 9 )
AEJBGH I, N5 i A Je U
P AL R A OB A 1) R R SR, X T
I e 0 i B A 4 1) [ DX S B 26 A8 2, AT, 1K
56 v s DX IR AR 0T 1 B T B B BAR A
e 8

Xt FEAS [ % B2 HG R B U SRR KT L,



76 = B

38 %

(b) Wy
B AR L oA

Fig. 11 Streamline distribution in twisted cascade

AEEVS HVR5CR B R L B T B A, (L B E X
SV HIBOR A AR AR AR /N . AN % B LR
A I ¥4 20206 53R X a1 7o ¥ R X el 7 i — 3K,
B = 25 B2 LU H TR AUV JD R K iy 4
T, b R 2R v HVROCR XA TR, IR
HIRR XA B b

B2 25 T i & b N 10.45%, — Fh %5 Bt
F L N e TR W RS | B @ 3 (TR O =
& 10, 247 e 8.92% 18K 2] 10.45%, I H S
FEE Ve B30 A A AR AR, ZKF A B R T . (HIR R
TN OB A il R B AR SRR H ARG 5K
WY 5 A AR T, R RO Y R R, RUEAL
Y A S I, R BT T Y Sh Ok,
T BV OGS BE THT 11 I BRF KR AR 25, 4RI TR R
TSR FIRCR . (HA SR B N S FE RO 55,
SR R e S PR B, XTIV AR X I B
AT, R R RS, AR R T SR
Ui B ) DX 3 SRRV 0 A0 R0 o, IR ARV AR
X B T R /DN o

BERE R 1.0~ 2.0 B, I F @ 1] - 34 <O
HIECR AR I 13 iR . XF AT UL, ib R A
VA H R B 2 I L 3G i B, e p AL
BRI 4R 0, R T T 6%~ 18%; M H 115 1)
T XS L, =TT 12%~32%. T
F e e L E AR R 2, R G I TR
B M, X i o 8.92% Y T, ¥R
SR N 1.0 BEHNE] 2.0 A, W ) R 4 URA H

HEN T 70 0 e
n 0 01 0203 04 05 06 07 08 09 1.0

0<S5/C<0.3 0.3<5/C<1.28

() R=1.0

—1<8/C<0

0<S5/C<0.3 0.3<8/C<1.28

(b)R=15

.
AR
RS

RN

S
S
S
-
=

{
{
AN
£
NS
R S
e d om
n'\ ]
=
=
=3
=

Sk
MLLLLLL

0.3<8/C<1.28

0<8/C<0.3
() R=2.0

—1<85/C<0

P12 il 10.45% T80 FUBRAHIB0R
BEE R LA AE 1
Fig. 12 Film cooling effectiveness distributions at mass flow

rate ratio of 10.45% under different density ratios

RORIETE 14%, e 7 1H B g AR AR R AR T
12%. FHHE R 10.45% (0 T80, 4B E
M 1.0 340 ) 2.0 B, W 7 TR 2 SRS HI AR
T+ 29%, H Iy FE 4 KBV HIBUR$E T 13%.

ARV H RO 2 L 2 A 2R M 1 AR 4k,
BAE N 1.0 B 1.5 i, & ) P2
R G WA /N, Ve R BE LEAA 1.5 4 )
2.0 I, J& ] -2 UV SR A R IR R . 4,
TE 0<S/C<0.2 /Y DX I N, >4 %5 FE L6 DA 1.0 3 i 31
1.5 B Ji& 1] - B A HIRCR LT %A 284k, SR
M LN 1.5 BN #) 2.0 B J [ - 2 SR
BHBCRWAE R T 0.1 2247, — BB oe
DX I AE FLBRE ST, Bt 0 ¢ B 7 B s SR AL o
(X/d >80, X Ayl 1] FE 5 ) ) DX I, 2 2 LU ATy SR A Wb
ELiip A 08



51 FIDEHG A 3 L L i T L A8 5805 14 52 ) 77
—R~1.0 —R~15 —R=2.0 [2] GOLDSTEIN R J, ECKERT E R. Film cooling with injection
3 through holes: adiabatic wall temperature downstream of a circular
08 L hole[J]. ASME Journal of Engineering for Power, 1968, 90(2): 384-
I 395.
= 06 L [3] ERIKSEN V L. Filming cooling effectiveness and heat transfer
i with injection through holes [R]. NASA-CR-72991, 1971.
04 I P [4] LEYLEK JH, ZERKLE R D. Discrete-jet film cooling: a compari-
[ son of computational results with experiments[J]. Journal of Turbo-
0.2 —08—040040812 machinery, 1994, 116(3): 358-368.
s/C [5] YUEN C HN, MARTINEZ-BOTAS R F. Film cooling characteris-
(a) R,,=8.92% tics of rows of round holes at various streamwise angles in a cross-
flow: Part I effectiveness[J]. International Journal of Heat and Mass
_ R=10 —R#15 —R~20 Transfer, 2003, 46(2): 221-235.
0.8 » [6] GOLDSTEIN R J. Film cooling[J]. Advances in Heat Transfer,
0.7 F 1971, 7(1): 321-379.
0.6 ; [7] ZHU H R, XU D C, GUO T, et al. Effects of film cooling hole
s 05 ;_ i ¥ ¥ shape on heat transfer[J]. Heat Transfer Asian Research, 2004, 33(2):
04 73-80.
E [8] COLBAN W, GRATTON A, THOLE K A, et al. Heat transfer and
0.3 __ _ ,_, ,_,,T,,_, ,_, ,_, ,T,,_, ,_, ,_, ,_,,_,,___ _ _ _,_, ,_, ,_, ,_ film-cooling measurements on a stator vane with fan-shaped cool-
-08 04 0 0.4 0.8 1.2 ing holes[R]. ASME GT 2005-68258, 2005.
s/C [9] LIUCL, ZHU HR, WU A S, et al. Experimental investigation on
(b) R,;=10.45% the influence of inclination angle on the film cooling performance
of diffuser shaped holes[R]. ASME GT 2016-56092, 2016.
13 S X R -2 U DA R S [10] FUZ Y, ZHU HR, LIU C L, et al. Experimental investigation of
Fig. 13 Effects of density ratio on spanwise averaged film dust-pan shaped hole film cooling characteristics on pressure side
cooling effectiveness distributions of a turbine in a linear transonic cascade[R]. ASME GT 2017-
63452, 2017.
3 ZI:!I: 'L/E [11] KHAJEHHASANI S, JUBRAN B. Film cooling from novel sister
shaped single-holes[R]. ASME GT 2014-25971, 2014.

AN SCHE i Dfﬁﬂ@ﬁ =8| , % PSP & F5 A [12] BUNKER R S. A review of shaped hole turbine film cooling tech-
iﬁ%ﬁﬁﬁ% T ﬂﬁﬂ‘ Oﬁi H ﬂ:ﬂzﬂl %E thXﬁE,ﬁ%ﬁ?ﬂ lelloi}slgﬂ. ASME Transactions Journal of Heat Transfer, 2005, 127:
PSRV ENRCR B R, 75 B U 4598 [13] PEDERSEN D, ECKERT E, GOLDSTEIN R. Film cooling with

1 ) Z( [ﬁ] /ﬁi It T , []f H E"J /_:hgﬁy/?\fﬂ %{ %;%Ig I}ﬁ large density differences between the mainstream and the sec-

N N N ondary fluid measured by the heat-mass transfer analogy[J]. ASME
%ﬁ: E [:t E/:J i j]l] ﬁﬁ i j( © %ﬁ: E [:KM 1.0 i j]ﬂ Q‘I 2.0 Tran::ctions Journal oflf]leat Transfer, 1977, 99: 620—61(?;.
Bf, I &5 b SRR HI R TE T 6%~32%. [14] SINHA A, BOGARD D, CRAWFORD M. Film cooling effective-

2) /%: Hﬁ 7/?\ jg'[] ,}ﬁ % Fﬁ ,%L: g 2 P 5”3 gli ,ri E{/‘J /ﬁ ness downstream of a single row of holes with variable density ra-

N s N tio[J]. Journal of Turbomachinery, 1991, 113(3): 442-449.
/ﬂ{“ YQ%%E ICB}J\ 1.0 i j]ﬂ §IJ 1.5 HTJ" /ELA‘H?‘ {/?\ﬂ] 5& [15] SCHREIVOGEL P, KROSS B, PFITZNER M. Density ratio ef-
R EIR R N, B E LM 1.5 3 E] 2.0 i), fects on the flow field emanating from cylindrical effusion and
SV ENRCR I BE TR R . trenched film cooling holes[R]. ASME GT2014-25143, 2014.
AN o B A S Ak 52 b [16] NARZARY D P, LIU K C, RALLABANDI A P, et al. Influence of

3) 2 Wiia j][”a ’ élﬂ“H‘ j‘ﬂ%{? iﬂ &i%;ﬁﬂ coolant density on turbine blade film-cooling using pressure sensi-
Mg /N, X M S i knt, SR tive paint technique[J]. Journal of Turbomachinery, 2012, 134(3):
I AU R A, 3 T U7 0 1 0 B e e |

[17] LIU K, YANG S F, HAN J C. Influence of coolant density on tur-
Er‘ ﬁ Yé‘\/Eh Xd‘)é’n% 1] El(] Iﬂljj W&ﬁ% ﬁ % s ‘:I:EE ﬂ%j T Y/Q'\/E\ ,'é\ bine blade film-cooling with compound-angle shaped holes[R].
%iﬁﬂ@ﬁ%l]&i%o ASME GT2012-69117, 2012.
4) =LA F B B R A B R [18] 7#‘1:? 1E#, ﬁ:‘iﬁ%. ?EBE LF/FH%(RKH:X#E%%”T%EE%‘%U
AR [0]. TR R B 241, 2011, 32(8): 1295-1298.
ﬁ % s ’ﬂi %Eﬁ ‘{/?\ ﬁ] ’7& i X ﬂé g ﬁ Z!ﬁ E + ‘F fﬂ%’éﬁf ﬂ] LI Jia, REN lJing, JIANG Hongde. Effects of density ratio and
[H— %3‘5}% E/‘J [E] ﬁ [Ziﬁ R blowing ratio on the film cooling effectiveness on a turbine vane[J].
Journal of Engineering Thermophysics, 2011, 32(8): 1295-1298.
;ﬁ/j % I ﬁ*j}( . (in Chinese)
(191 AR, e BN, ZE4i, 45 8 U T AL BB 25 B LU X i 46

[1] BUNKER R S. Evolution of turbine cooling[R]. ASME GT 2017-
63205, 2017.

S ARV E AR RS R [0, R R, 2019, 40(7): 1585-
1593.


https://doi.org/10.1115/1.2929422
https://doi.org/10.1115/1.2929422
https://doi.org/10.1115/1.2929422
https://doi.org/10.1016/S0017-9310(02)00274-0
https://doi.org/10.1016/S0017-9310(02)00274-0
https://doi.org/10.1002/htj.20005
https://doi.org/10.1115/1.1860562
https://doi.org/10.1115/1.3450752
https://doi.org/10.1115/1.3450752
https://doi.org/10.1115/1.2927894
https://doi.org/10.13675/j.cnki.tjjs.180438
https://doi.org/10.1115/1.2929422
https://doi.org/10.1115/1.2929422
https://doi.org/10.1115/1.2929422
https://doi.org/10.1016/S0017-9310(02)00274-0
https://doi.org/10.1016/S0017-9310(02)00274-0
https://doi.org/10.1002/htj.20005
https://doi.org/10.1115/1.1860562
https://doi.org/10.1115/1.3450752
https://doi.org/10.1115/1.3450752
https://doi.org/10.1115/1.2927894
https://doi.org/10.13675/j.cnki.tjjs.180438

78

= B

o

% 4R

38 %

[20]

(21]

FU Zhongyi, ZHU Huiren, JIANG Ru, et al. Effects of density ra-
tio on full film cooling characteristrics of turbine guide vane with
high mainstream turbulence[J]. Journal of Propulsion Technology,
2019, 40(7): 1585-1593. (in Chinese)

BRI, F ik, gk AL, 45 R 8] BE 5 % B E X OUS i AR
¥ H R B2 i [J]. M43 8h ) 24 3Rk, 2018, 33(6): 1336-1344.
YAO Jiaxu, XU Jin, ZHANG Ke, et al. Effects of spanwise dis-
tance and density ratio on the characteristic of double-jet film-cool-
ing[J]. Journal of Aerospace Power, 2018, 33(6): 1336-1344. (in
Chinese)

UK, REN, VFERA, S R L X R e R T UBES
H e I ZR BB WA [9). T 25 2% 472, 2007, 28(4): 801-805.

[22]

(23]

LI Bing, ZHU Huiren, XU Duchun, et al. Influences of density ra-
tio on film cooling heat transfer of turbine blade surface[J]. Acta
Acronautica et Astronautica Sinica, 2007, 28(4): 801-805. (in Chi-
nese)

HAN J C, RALLABANDI A P. Turbine blade film cooling using
psp technique[J]. Frontiers in Heat and Mass Transfer, 2010, 1: 227-
237.

AL R AR LB AN HD ML Y 52 46 5 B8 0F 5T (D).
e st AR, 2011

LI Jia. Experimental and theoretical study of the characteristics of

gas turbine film cooling[D]. Beijing: Tsinghua University, 2011.
(in Chinese)

(¥ RE L)


https://doi.org/10.13675/j.cnki.tjjs.180438
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.13675/j.cnki.tjjs.180438
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.13675/j.cnki.tjjs.180438
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006
https://doi.org/10.3321/j.issn:1000-6893.2007.04.006

	1 试验研究方法
	1.1 试验系统
	1.2 参数定义
	1.3 测量方法
	1.4 测量方法的不确定度

	2 结果与讨论
	2.1 压力系数分布
	2.2 密度比对叶片表面全气膜冷却特性的影响

	3 结　论
	参考文献

