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Abstract ;: The effect of internal crossflow in cooling channel on film cooling performance over a flat plate
with a row of cylindrical film cooling holes is numerically investigated over a wide range of blowing rati-
os from 0.5 to 2. 0 and crossflow ratios from 0 to 3. 0. The results show that the internal coolant flow
leads to a changed film cooling performance. By comparison to the baseline stagnant plenum coolant
supply or no-crossflow case, the internal crossflow coolant supply induces swirling flow inside film hole,
making the interaction between coolant jet and primary flow more complicated. At lower blowing ratio,
the laterally-averaged adiabatic film cooling effectiveness for the internal crossflow coolant supply is in-
creased a little compared with the plenum coolant supply case when the crossflow ratio is less than 1.0,
and the situation is reverse when the crossflow ratio is greater than 2. 0. At higher blowing ratio, the in-
ternal crossflow coolant supply is benefit to improving film cooling effectiveness, especially when the
crossflow ratio equals to 2. 0. Under higher crossflow ratio, the lateral spreading of the film coolant in-
creases obviously with increasing of blowing ratio.
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Fig. 2 Numerical validation of computational model

3 HERE5HSW
3.1 #EEASTRESRNRIEE

Kl 3 A FE i AL Rep., =5 000, XU LE
L. O B Jod ) i RN B ) R (Cr=2. 0O B} R,
L PN S R A R AR Ak . AR A B TR AT AE B B
T AL R A R A L AR
MAREAL I G B A AT, RES E A
A BT — X X B B BRI IR . A R . A
SBEFL N BV EVS . T 0 A R s A AR
TES AL P TE BRI 7 T 20 - [ 4 SR SR L P T il 1)
3 AR AR A b A R L B e F L AR
IR S FL AT 2% R 2 % 1 2 5 R R T A 58 0 s ¢ LR
FE AR X B 9 3 1w SR LS I BE 4R 5 R K
(58 1> d A5 D) 2 AE AR B 38 30 3 )y 1o 19 A< L i
HE 2 55 R A A 38 s . AT DA M MR A AR
AEFL P B 3 R AE L A I SR AL R A A R
T JHE T A 0 A T bd B X T AR I AL S 1
F4) A A T O A ) R0 DU Bl & b B X

‘\ N\ At
() Cr=2.0

B3 AUBEALAE R RS (Br=1. 0)

Fig. 3 Flow features in vicinity of film hole

FER 1) HE A AUBEFL A B9 00 52 B I 1
U A O OB LR S S O R A AR
WA I% . 5 D TR 1) HE SR B 1) kN R
BEALH H R «/D=1 M «/D=5 # F iR
R o TG 1) 2 T B i 0] S 0 Bk (EL7E A
li 12N DR 369 o £ B S (4 il A2 TR L 5 HL )
AURAL Ty — A 5F He S T T AN X B 308 R
W R L B 8 o U I S e LA
1A 164 e B i i N 3 O L P T e B P
32 B FL R B D B A0 TR 8 X )L 22 TR
ORI



512 Mooa i

B}
g

4 16 %

4 AL AR T L A

Fig. 4

&% 1 2 3 4 5

v/imes"): 2 6 10

14 18 22 26 30

KB (Br=1.0,Cr=2.0)

Velocity vectors at cross-sectional plane inside film hole

6 7 8 9 10 11 12 13 14

T/K: 320 340 360 380 400 420 440 460 480 500 520 540 560 580

1.2
0.8
0.4

0.0

-10 -5 0 5 10 -10 -5 0 5 10

y/ID y/ID

(a) x/D=1, Cr=0 (b) x/D=5, Cr=0

-10 -5 0 5 10
yID

(e) x/D=1, Cr=2.0 (H) x/D=5, Cr=2.0

1.2 1.2

Q 08 Q08

0.4 0.4

0.0 -10 -5 0 5 10 00 -10 -5 0 5 10

yID y/ID
(c) x/D=1, Cr=0.5 (d) x/D=5, Cr=0.5

10 -5 0 5 10 10 -5 0 5 10
y/D /D
(2) x/D=1, Cr=3.0 (h) x/D=5, Cr=3.0

K5 5EmEEREALENRS(Br=1.0)

Fig. 5

3.2 ERIEXNKELMRSHDYENZI

Bl 6 Sk 3 T T BUIR RE 5 000 A4, IR EL N
0.5 I AR RR L b T A0 4 v H0 8503 1 40 A
B7 SRR RCEL SR 1.5 B A TR 30 be T A 4 3%
KR 434 o B TR ) iR SR AL N Y
JHE T 5 ) SRS S U 5 2 I 2 ) R BAE R R 2 A
AR A8 I LT TR 4 A BRI T 5 R
IR S 3 ) IR R L 2 DDA O

Xof B HE B IR AT T SRR AL AE O R 1) iR
TEIE T S E/NRRU LG T 1 0REE ST 8 1] 32 38 1) 2 5 2
FERT A /N PR bt 5L A X 258 e 1 A0S 0% S I
Aot 1) E SZERE L Cr=0. 5,1. 0 il 2. 0 B %S,
JIEE V2 H A5 B 52w I AN W 2 HAERE R L Cr=3. 0
F 3 AR SR O A L M T 0 B s X
B HAMEL AV ARG BN W ARG, X2
H T /N R BE T AR S 3 7 O Bl A A E 7 S
TE 2 5 5 WY R ZL R B TR AR T A
TE UL T U B S 30 114 R

2R R EL B KB A o 2 SO T AR L TR K

Flow fields at sectional plane vertical to mainstream

BESIEA NS S A PSR N U
Fo RSB S E I A R . A S BRI
iSRRI PR R AR A AR L A T Y S i
5 R Z TR 0 15 TR 5 A B 0] A S
T 25 AR AL 1 R A 1)
WL AR Cr=2. 0 B} A HIRCR 7T LA 5]
TorRFENSGE. HEERG L Cr=23.0 8, %
JEEL HE 1T A2 @ B i B B SR 3 7 R ] ) s %
BEOR BH S A R B AL 0 R — N 4 S RE T
AR AE & FF AL O — @ W I BE 5 R
G AR B S REEAL v o0 A X — 0 1] R S 9 1 T
TR 2 BURE L V% AV RCR R A

8 S VA AL 5 000 B, I it 1] 1) <P
o7 246 RV HVRCRAE N TR e R L RTRR 90 B 1 AR b
B, FEMRR L Br=0.5 B, B L Cr=0. 5 i
L. ORI V8 40 0 30 g v T JJC A ] i /< 1Y) i o 1
JE YR Cr KT 2.0 J5 A 4 B 850K A
X IEUETE T A — 2 I8 BE 1 N R s ZEWOAU L Br=1.0
I, B Cr=0.5 Fl 1. 0 (0I5 4 $R 8 21800



1

IN—O—NWRA

N

|

IN—=O—=NWA

[\

8 10 12 8 10 12
x/D x/D
(b) Cr=0.5 (b) Cr=0.5

6 8 10 12 6 8 10 12
x/D x/D
(c) Cr=1.0 (c) Cr=1.0

IN—=O—= N WA

N

IN—O—=NWA

[\S)

6 8 10 12 6 8 10 12
x/D x/D
(d) Cr=2.0 d Cr=2.0

6 LIRS RS A (Br=0.5) BT LIRS HBCE A A (Br=1.5)

Adiabatic film cooling effectiveness distribution ig. 7 Adiabatic film cooling effectiveness distribution

under Br=1.5

x/D x/D
() Br=05 (b) Br=1.0

TR 1A PR ST 249 246 B o0 A

Fig. 8 Laterally-averaged adiabatic film cooling effectiveness districution along streamwise direction




514 i

FHORT 35 1o o B 7 B8 AR AL R I Y X 88 (/D 2
D6 N A T AR T R AU A A R Y 1 5 5 TR
WK Br=1.5 f1 2. 0 B}, B i L Cr=2. 0 9,
R4 TV A5 38ME X 5 v s E BB AL T I AR X
B (/D 2920 14) N B8 ) 3 A8 77 R A 4 A2
HVROR B B i 1 EL 3% n e BE -

B 9 WAL T x/ D=2 kbl ¥ 11 B i J& 1)
SRR A HN R A A . IROKUEE SR 0.5 B A 1]
HESR AR PV BRI 52 00 F R/ G 2 1
JLEER 0.5 F1 1.0 I, BEAS 352 e B R 2.0
J& AL RS HNRCR AR X FRYE A — o iR, B
FEIL oy 7 )RR L TS HRAOR R B A R I
R 3100 o A 24 AR E ORI/ ] 5 > IRORU LG R I
Ao ) 2 ASCH) d B TRE I A AR L B HI R I
HAEREL Ay 2.0 Bof 1 A0 M58 246 T8 40 0 38 e sy
[F] s FEARE 3 LR 3. 0 B, B 4 3004 1 8k R 7 i
[ia] 52 L M Y ) 43 A CEE X BN S REFLD L 9 ELEH 2
Mo 0] 7 — y 7 R T AR A R ) B S

B 10 R i b — 2 SRR L AS TR s SO T
i /D=2 Rk W JE 1) (1 R 4 $R0% H AL A3 i
X HE AR T o Bl 5 0 X L 38, S8 445 A8 A1 AL

AR L2 BA 2800 A S X PR I 5 T /N R R O
o Cr=1. 0 M, 8 1] ik 00k I 4 $0% H0 80 R A
JEE T53) FAY6F R 1 52 e A 350588 M 26 R B B
WXL L B4 A2 A 3 5 B A TE LA A ] o (H IR 2

y/D
(@) Cr=0.5

10
Fig. 10

22O o= Mt

P NI

y/ID
(@) Br=0.5

y/D
(b) Br=15

RO L o A S 446 04 50U A B 52 W (o / D=2)
Effect of crossflow ratio on local adiabatic film

cooling effectiveness distribution at x/D=2

IV E IR B X L 39 DR T o AT ) T N T
FEMENGIE s (EBOR MBI L Cr=3. 0 I, Bl 35 WX
FU AR B0 o J 1) F) 7 E  RBAG  AR
RO 5

y/ID
(b) Cr=1.0

TR L ) 58 248 P 9% 0003 AT B W) (2 / D= 2)

Effect of blowing ratio on local adiabatic film cooling effectiveness distribution at x/D




%;
&

b St ) 5 5« DAY VA ST T A T BV 0 B

515

s B B

(1) FERE ST 2 AL AR A1
TE AR AL P BUIE it i 8 » 76 58 m R LE R <
FEE L PR A 2 R P S O T R O A AT LA
fLy e 5 F i A BAE T Ak

(2) FEM X Br=0.5 B}, B L Cr=1.0 1y
A A FAYS HN R AR v T IO ] R B UETE T
MBI L Cr KT 2.0 J5 ML A0S H AR X 2
HETEIE A — 2 i B2 09 R B 7R3 O EE T &
i) 3 Al R RS A TS KD AK R 1 Y SR B O L
Cr=2. OS24 #8398 ZN AL 855

(3) H L LU /N A A TV E IR A8 A
5 R A 2 A (] S B A XU L 2 i o
AN TE R LT o B RO G s SR AE JE 1) Y
B 0 R A O kT RS AR AL AR A AR
HIRORAE R 1) M7 R4

S & k-

[1] Tto S, Goldstein R J, Eckert E R G. Film cooling of
a gas turbine blade[ J]. ASME Journal of Engineering
for Power, 1978, 100 476-481.

[2] Berhe M K, Patankar S V. Curvature effects on dis-
crete-hole film cooling[ J]. ASME Journal of Turbo-
machinery, 1999, 121. 781-791.

[3] Nasir S, Ekkad S V., Acharya S. Effect of compound
angle injection on flat surface film cooling with large
streamwise injection angle[J]. Experimental Ther-
mal and Fluid Science, 2001, 25. 23-29.

[4] Bunker R. A review of shaped hole turbine film cool-
ing technology[J]. ASME Journal of Heat Transfer,
2005, 127 441-453.

(5] &, ®iEM, BEE. Wi A Wb &<

JRI TR PR R P B AL LT ], B AT S R R 2 2
2, 2006, 38(2) . 148-152.
Xu Lei, Chang Haiping, Mao Junkui. Local heat
transfer characteristics in impingement-film cooling
style about inner side of gas turbine blade[]J]. Journal
of Nanjing Universuty of Aeronautics & Astronau-
tics, 2006, 38(2). 148-152.

[6] Yao Yu. Zhang Jingzhou. Investigation on film cool-
ing characteristics from a row of converging slot
holes on flat plate[J]. Science China Technology Sci-
ence, 2011, 54. 1793-1800.

[7] Yang Chengfeng, Zhang Jingzhou. Experimental in-

vestigation on film cooling characteristics from a row

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

of holes with ridge-shaped tabs[J]. Experimental
Thermal and Fluid Science, 2012, 37. 113-120.
T SR B A O R TR v AR
PR BT LT ). B AT 28 K R 2R 2 4l 2013, 45
(2): 157-161.

Xie Jie, Zhang Jingzhou. Numerical simulation on
cooling characteristics of effusion wall with deflection
film outflow[J]. Journal of Nanjing Universuty of
Aeronautics & Astronautics, 2013, 45(2); 157-161.
Yao Yu., Zhang Jingzhou, Tan Xiaoming. Numerical
study on film cooling from converging slot-hole on a
gas turbine blade suction side[J]. International Com-
munications in Heat and Mass Transfer, 2014, 52.
61-72.

Yang Zhimin, Zhang Jingzhou. Experimental study
on adiabatic film cooling effectiveness in front zone of
effusion cooling configuration [ J]. Transactions of
Nanjing University of Aeronautics and Astronautics,
2014, 31(3): 338-344.

Hay N, Lampard D, Benmansour S. Effect of cross-
flows on the discharge coefficient of film cooling
holes[J]. ASME Journal of Engineering for Power,
1983, 105. 243-248.

Gritsch M, Saumweber C, Schulz A, et al. Effect of
internal coolant crossflow orientation on the discharge
coefficient of shaped film cooling holes[ J]. ASME
Journal of Turbomachinery, 1999, 122. 146-152.
Gritsch M, Schulz A, Wittig S. Effect of internal
coolant crossflow on the effectiveness of shaped film-
cooling holes[ J]. ASME Journal of Turbomachinery,
2003, 125(3): 547-554.

FIVLH, R XU B A T8 A 5 e g o) v
R R L. it =s 3l J) 2 i, 2008, 23(8) .
1353-1358.

Bai Jiangtao. Zhu Huiren, Liu Cunliang. Numerical
study of the effect of internal coolant crossflow on
film cooling effectiveness[ J]. Journal of Aerospace
Power, 2008, 23(8): 1353-1358.

Kissel H P, Weigand B. Von Wolfersdorf J, et al.
An experimental and numerical investigation of the
effect of cooling channel crossflow on film cooling
performance [ R ]. ASME Paper GT2007-27102,
2007.

BRM, REN F/NEE, S5 8 AR X
ShF TR RE Ve H S F A [T ]. MUBRL S S EOR,
2010, 29(1): 59-62.

Li Chunlin, Zhu Huiren, Du Xiaoqin, et al. Influ-



516

MoA

T

PNEIPN

¥ oF i

5546

[17]

[18]

ence of the angle of ribs on film cooling characteris-
tics of the outer surface with crossflow [J]. Mechan-
ical Science and Technology for Aerospace Engineer-
ing, 2010, 29(1) . 59-62.

Peng W, Jiang P X. Experimental and numerical
study of film cooling with internal coolant cross-flow
effects [J]. Experimental Heat Transfer, 2012, 25:
282-300.

Fawcett R J, Wheeler A P S, He L, et al. Experi-

mental investigation into the impact of crossflow on

[19]

[20]

the coherent unsteadiness within film cooling flows
[J]. International Journal of Heat and Fluid Flow,
2013, 40 32-42.

Harrison K, Bogard D. Comparison of RANS turbu-
lence models for prediction of film cooling perform-
ance [R]. ASME Paper GT2008-50366, 2008.

Silieti M, Kassab A J, Divo E. Film cooling effec-
tiveness: comparison of adiabatic and conjugate heat
transfer CFD models [ J].
Thermal Science, 2009, 48. 2237-2248.

International Journal of



%4l T R L S5 ¢ PV S R O o RV A 5 517




