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Abstract: Numerical decoupling method was used to quantitatively analyze the relationship between
the overall cooling effectiveness of impingement-effusion model and the internal cooling, bore cooling and
coolant coverage. The blowing ratios were 0.25, 0.5, 1 and 1.5. It was found that the blowing ratio had a
significant effect on the comprehensive cooling effect of the impact divergence model. When the blowing
ratio increased from 0.25 to 1.5, the overall cooling effectiveness increased by 57.9%. The stagnation
region of impingement jet was mainly dominated by internal cooling. The region where the bore cooling
had the greatest influence on the overall cooling effectiveness was located upstream of the film hole outlet,
and the influence of bore cooling along the streamwise direction was gradually reduced. The influence of
coolant coverage on the overall cooling effectiveness gradually accumulated along the streamwise
direction, and the influence near the third film hole outlet was the largest. The influence in the downstream

of film hole was greater than that in the region away from the film hole. When the blowing ratio increased
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to 1.0, the effect of bore cooling on the overall cooling effectiveness exceeded that of coolant coverage.

Keywords: overall cooling effectiveness; film cooling; internal cooling; decoupling method;

blowing ratio; flat-plate model
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Fig. 1 Schematic diagram of simulation model
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F2 EHRFEHESLUER

Table 2 Area-averaged overall cooling effectiveness

AL ARGV
0.25 0.344 1
0.5 0.449 1
1.0 0.5187
1.5 0.5434

RO B DXL [ AR S IR B R I, 2552 e
BEHTH K o

IR
L D . L
020 032 044 056 068 0380

| —————
-20 -15 -10 -5 0 5 10 15 20
x/D

(a) M=0.25

| e———

-20 -15 -10 -5 0 5 10 15 20
x/D
(b) M=0.50

20220372-5



IR DA

I —

-20 —-15 -10 -5 0 5 10 15 20
x/D
(¢) M=1.00

| e—
-20 -15 -10 -5 0 5 10 15 20
x/D
(d) M=1.50
K7 AR E

Fig. 7 Contours of adiabatic film cooling effectiveness

2.2 HESHIIE

PIFRA N . FL PV HV SRR 55 5 25 A R K
B R T AT L AE o R R T 22 ) G 25 A e sk 25 M
Ag KFAIE:

A¢ = ¢base - ¢modiﬁed 4

HA gooee AT IEREAL T (K] 2(2) ) LR B B BK,
Gunoisica TCFRAB LI I F AR T LM 2R G 12 3K
(E2(b) ~Kl 2(d)) .

niEl 8 FrR, JC & AN FE 4 A it 4 5 N BE T
T, VO I BT N RETH 7 el B IR BE BB Ol 0, e
T g 1628 BRSO B o X0 E Ty FLASE 7R v
LBRNBE IV A B 0 ERRYE . B9 45 T AR
X2 B 28 48 1) HE itk T 50 (1] 2(a) ) LG PN BE T %
ALK 2(e)) Z A ZEA R A= H . AT LUE
XUZBERAY (2551 0 h ARV A 5 = S 6 1)
X g = B e A A I X 3R R S
55 JA B A R ZUAB TR B 5 1 i R, AT 5 T
e Hh o B G WCOXU L B3 K, S R RE B O,
FEoR T A, DR sk PR YA A A 5 e 32 T RS K
X W2 RE AU 5, AL i Dl oy 3 v 20
LRV R B /N o PR 3 2 R A vh i X
T T B 5 R AR A

T MR E (T T (T T
mam ‘n

0.10 0.18 0.26 0.34 0.42 0.50
s\ )) V™ ) 1 ([
8 WRKALEL M=0.5 B} y/D=2.5 Kb TC it 4R BE 43 A1
Fig. 8 Distribution of dimensionless temperature at slice

y/D=2.5 for case without internal cooling with M=0.5

23 SEEFLAL AR

ANV 10 iz, 7 5E T BE T b TG 5 49 i B2 73 A
i £k 15 AL BE 1T L, 50 LT P BE T 6]
A TELHEBR R 0 X B UE T 07 ELAE A v 25 R A
LR H B E R MERTE . I8 11 45 T P AR DR BE

%39 %
LERRMEMAD
m | P |

0 0.03 0.06 0.09 0.12

- -

-20 —-15 -10 =5 0 5 10 15 20

x/D
(a) M=0.25
LEVRREEAD
| | |

0  0.0375 0.0750 0.1125 0.1500

-

-20 —-15 -10 -5 0 5 10 15 20
x/D
(b) M=0.50
Gt A
| O | I |
0 0.045 0.090 0.135 0.180

-20 —-15 -10 =5 0 5 10 15 20

x/D
(c) M=1.00
RV EEAD
| |l M
0 0.0525 0.1050 0.1575 0.2100
w -
L Y L N, 1
-20 -15 =10 -5 0 5 10 15 20
x/D
(d) M=1.50

B9 ZREREEEME Ap s

Fig. 9 A¢ between base case and case without internal cooling

Iﬁéﬂ{ﬂﬁ% (Tg_Tsolid)/(Tg_Tc)
o i i
0.10 0.19 0.28 0.37 0.46 0.55

rii=,,)) - P i\

B 10 WA M=0.5 B} y/D=2.5 Kb JCH 3R 43 A7
Fig. 10 Distribution of dimensionless temperature at slice

y/D=2.5 for case without bore cooling with M=0.5

2P B FE A T (P 2(a) ) AN JG SRS FLRE 1 4 H)
THL(E 2(b) ) Z A1 ZE AV s H . X T 360 T
BLITTE , 298 A 4 AL ) 23 i BE 1] 5 P
A —EB o . FEABEAL S T U X, AR
BHERBEBAL . LB BRILRHG, MERE 1R R0Y
M 5 1) DX 3Rt 2 g — > SHRAL 10 Y DX,
WE 11 iR, 50T LA H W m LN A AT
LM 2 20 T/ o 3 B R O S AL A P
17, 22 S RERY 52, 55 2 A RIS 3 AN SUBEFL
1 3 X A7 e A R v S 35, BT AFL R EI 6
CERR RN M AR 55 o B RO EL B 3R, FLY%
HIXF LR AR 2 B iR . XRS5
fiff o Bifi A WXL LG O, AL Y A v S B3 K

20220372-6



553

XA T RUR BEVE B H B 25 v AR EL R R BT 5

LRAIEHAD
[ R |
0.020 0.035 0.050 0.065 0.080

-20 -15 -10 -5 0 5 10 15 20
x/D
(a) M=0.25

Il 3 AH

-20 -15 -10 -5 0 5 10 15 20

x/D
(b) M=0.50
e -
-20 -15 -10 -5 0 5 10 15 20
x/D
(c) M=1.00

& &

10 15 20

-20 -15 -10 -5 0 5
x/D
(d) M=1.50

K11 GERBOHE A A

Fig. 11 A¢ between base case and case without bore cooling

AT S84 T SCBEL P R 38, FLY% B0 255 508 2K
IR B2 1K
24 RSEBE=%MN

o T RIS U 30 AV B B,
SREEANS AT T A T 00 2(a) ) IR S %
THLE 20d)) S A R RO . AR T 5280, B
007 250 7T LA RS0 2 B BB 35 9 T
P12 45 4 T IR 00 AE /D=0, 5 b Iy 3 43 A
O T 00 V4 AL T H L 2 R 3 47 L
AR B BT B SR A O AL
P BV SRR AIE S IR /N, 35 SR [10] 4
— A BB SO T B AL Y i 3%
16 F2 RV B 36 M 1 LT L A S0 L 20,
(RIE T RSB SE F EA:

[ __PENEE e
HREE/(m/s) 5 9 13 17 21252933 37 41 45
= = ' =
(a) FEAH T4
= = =
(b) T

B 12 R M=0.5 B y/D=2.5 Abid BE 43 A7

Fig. 12 Distribution of velocity at slice y/D=2.5 for case without

coolant coverage with M=0.5

F13 45 T S B 02 BE 45 F 10 JE atb T 00
([ 2(a) ) FCA S B 35 T00(F 2(d) L &%
RUZEAE . S5 AR IR AU SRR B S R
W A WA R, FE 4R 3 AL H 1 BRI A <
T R e R o T LAV AR 3 X 5 )
BR T AR I B S AL I i . SR
2 AR FH S0 2 0 5 ¥ ke B 2 o R [ A R T
TE I 2 AL X 8 S S A A 52, X FE %
JE R R AR 2 8] B AR AR IR v LAY o 2 IRRU L
HH 0.25 34K % 1.0 B, ¥ 3K 5 X 2R G R R 5%
Wi 516 14 5 BRI/ o 2 XU L B K & 1S B
R BT LA R RN T DL AN R
BRI OR R0, i 7 Fis . (BRETFENTRE
HURFLA A L 52 R, JC RSB 35 I A R
T B 30T I R ) TR 5 A A R e I O i 2
e ) A1 BE 1h1 B I 04 1A 9 R B LT — B, nEl 14
FiR o XA G T, B AEm N EE %
BT R0

LZAREOEEAD
S |

0 0.03 006 0.09 0.12

___= =5

-20 -15 -10 =5 0 5 10 15 20

x/D
(a) M=0.25
LR REHAD

o m
0 0.03 0.06 0.09 0.12

- =

-20 -15 -10 =5 0 5 10 15 20

x/D
(b) M=0.50
LAV EEAD

e m
0 003 006 0.09 0.12

e

-20 —-15 -10 -5 0 5 10 15 20
x/D
(c) M=1.00
LR EAD
| A
0 0.005 0.010 0.015 0.020

-20 —-15 =10 -5 0 5 10 15 20
x/D
(d) M=1.50

13 ZEERE(H A I
Fig. 13 A¢ between base case and case without

coolant coverage

20220372-7



IR DA

(a) BRI T (b) e

B 14 ITREREE A

Fig. 14 Fluid temperature near the wall

25 ZBEHREAZ BRI EE

FERT T A Z 9, AR A FLN R RS
S X LRGSR RIS W B T A AT, TEAR R
T, TRV FN A LMK X A . [ 15 45 i
T AT LRV O I ) 1 R ) 734 53
fio ATLLEMAERNELEZ D, BH WA A
M TR ZR B — AR R AR o X B X T
XL )2 BE S5 5, AR H — BT by .
LBt WXL EL 138 K, Lt T 100 A g 9 ¥ 200
T Z [ 255 Ve AU 2EAE G K, 3 100 W 9 &R ¥8 210
EREANMARHH R AR, B RERXS
LEA VR ALY RE M BAE x/D > —10 I X3, Ik

0.7 —o— KR T

—— L U
0.6 1 —— FLALINKE

—— TN FRAH
05

s 0.4

0.3
0.2
0.1

-20 -10 0 10 20

x/D
(a) M=0.25
0.7
0.6
0.5
s 04

037 —— JER T
ol —— S
’ —— LN AT
o1l —— YRS

-20 -10 0 10 20

x/D
(b) M=0.50

%39 %
07
0.6
05F
s 0.4
03} —o— JLAf T
—— LR
0.2 - —— JLALNAH]
ol —— JCNFERAH
-20 -10 0 10 20
x/D
(c) M=1.00
0.7+
0.6
05t
s 0.4
03 F —o— JLAf T 10
—— R
02+ —— JLfLIAH
—— JLNFRAE
0.1}
-20 -10 0 10 20
x/D
(d) M=1.50

K15 LB Rum R m P45 R
Fig. 15 Laterally-averaged overall cooling effectiveness

for different cases

UL HE R ZE 1.0 1, L P& H0XF 255 ¥ S50 52 i)
SESYPURNIR I N 1/ QR = 0 b i A ¢ 2
x/D < 0 B X3, FL AV S 2 2R T8 U i
2 x/D > 0 I, ¥ SR 0 455 Ve R S I R T
LA,

3 & &

7% SR RE {5 B 7 %, #ES T OR R
FRBA, 52 BT TS A M 25 B e 3 s
PIEBIS N, AL ET RS S S 2 R C R . I
WFFE T WAL B R LA AR R, AR 4
.

1) P A X2 BEASE A 1) 25 4 ¥ 3 BRI )
i 32 G A A X A R R R RS R X R
HCFL A ¥4 0 5 10 i R A DX 3 A AL s T ) L3,
7 LV O 1) FL A ¥4 50 B )2 32 ST/ N B o 1S
T 6 0 5 VA R R I O 1) R T R R FEAS 3
AL BRI Ve O w RS e e R . T ELTE
AT 5 DX 5 M B R R S AR L X Y

A

20220372-8



o551

SN A LT XUz BE VS A Z5H A 25 5 v S8R AR I 50

2) XF T HOBUZ BELS AT &, B A —
AbF S AL T LR O LR R G, HE S
PEBGR . WX P R EE 1.0 B, R T X AL Y
IR LAV M B ol 1 U o

SE Wk

[1] SEN B, SCHMIDT D L, BOGARD D G. Film cooling with com-
pound angle holes: heat transfer[J]. Journal of Turbomachinery,
1996, 118(4): 800-806.

[2] ZHANG Jingzhou, ZHANG Shengchang, WANG Chunhua, et al.
Recent advances in film cooling enhancement: a review[J]. Chi-
nese Journal of Aeronautics, 2020, 33(4): 1119-1136.

[3] ACHARYA S, KANANI Y. Advances in film cooling heat trans-
fer[M]//Advances in Heat Transfer. Amsterdam, Holland: Elsevier,
2017: 91-156.

[4] BOGARD D G, THOLE K A. Gas turbine film cooling[J]. Journal
of Propulsion and Power, 2006, 22(2): 249-270.

[ 5] HANJ C. Turbine blade cooling studies at Texas A&M University:
1980-2004[J]. Journal of Thermophysics and Heat Transfer, 2006,
20(2): 161-187.

[6] GRITSCH M, COLBAN W, SCHAR H, et al. Effect of hole geom-
etry on the thermal performance of fan-shaped film cooling holes[J].
Journal of Turbomachinery, 2005, 127(4): 718-725.

[7] GRITSCH M, SCHULZ A, WITTIG S. Adiabatic wall effective-

ness measurements of film-cooling holes with expanded exits[J].

Journal of Turbomachinery, 1998, 120(3): 549-556.

SAUMWEBER C, SCHULZ A. Free-stream effects on the cooling

performance of cylindrical and fan-shaped cooling holes[J]. Jour-

nal of Turbomachinery, 2012, 134(6): 061007.1-061007.12.

[9] SAUMWEBER C, SCHULZ A. Effect of geometry variations on
the cooling performance of fan-shaped cooling holes[J]. Journal of
Turbomachinery, 2012, 134(6): 061008.1-061008.16.

[10] BRYANT C E, RUTLEDGE J L. A computational technique to

evaluate the relative influence of internal and external cooling on

oo

overall effectiveness[J]. Journal of Turbomachinery, 2020, 142(5):
051008.1-051008.11.

[11] ALBERT J E, BOGARD D G, CUNHA F. Adiabatic and overall
effectiveness for a film cooled blade[R]. ASME Paper GT2004-
53998, 2004.

[12] CHAVEZ K, SLAVENS T N, BOGARD D. Effects of internal and
film cooling on the overall effectiveness of a fully cooled turbine
airfoil with shaped holes[R]. ASME Paper GT2016-57992, 2016.

[13] NATHANML, DYSON T E, BOGARD D G, et al. Adiabatic and
overall effectiveness for the showerhead film cooling of a turbine
vane[J]. Journal of Turbomachinery, 2014, 136(3): 031005.1-
031005.9.

[14] RAVELLI S, DOBROWOLSKI L, BOGARD D G. Evaluating the

effects of internal impingement cooling on a film cooled turbine

[15]

[16]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

(25]

[26]

(27]

(28]

20220372-9

blade leading edge[R]. ASME Paper GT2010-23002, 2010.

LIU Cunliang, XIE Gang, WANG Rui, et al. Study on analogy
principle of overall cooling effectiveness for composite cooling
structures with impingement and effusion[J]. International Journal
of Heat and Mass Transfer, 2018, 127: 639-650.

XIE G, LIU C L, WANG R, et al. Experimental study on analogy
principle of overall cooling effectiveness for composite cooling
structures with both internal cooling and film cooling[R]. ASME
Paper GT2019-90705, 2019.

MENSCH A, THOLE K A. Overall effectiveness of a blade end-
wall with jet impingement and film cooling[J]. Journal of Engineer-
ing for Gas Turbines and Power, 2014, 136(3): 031901.1-031901.13.
MENSCH A, THOLE K A, CRAVEN B A. Conjugate heat trans-
fer measurements and predictions of a blade endwall with a ther-
mal barrier coating[J]. Journal of Turbomachinery, 2014, 136(12):
121003.1-121003.11.

MENSCH A, THOLE K A. Conjugate heat transfer analysis of the
effects of impingement channel height for a turbine blade endwall[J].
International Journal of Heat and Mass Transfer, 2015, 82: 66-77.
TERRELL E J, MOUZON B D, BOGARD D G. Convective heat
transfer through film cooling holes of a gas turbine blade leading
edge[R]. ASME Paper GT2005-69003, 2005.

MOUZON B D, TERRELL E J, ALBERT J E, et al. Net heat flux
reduction and overall effectiveness for a turbine blade leading edge
[R]. ASME Paper GT2005-69002, 2005.

RAVELLI S, BARIGOZZI G. Numerical evaluation of heat/mass
transfer analogy for leading edge showerhead film cooling on a first-
stage vane[J]. International Journal of Heat and Mass Transfer,
2019, 129: 842-854.

BRYANT C E, WIESE C J, RUTLEDGE J L, et al. Experimental
evaluations of the relative contributions to overall effectiveness in
turbine blade leading edge cooling[J]. Journal of Turbomachinery,
2019, 141(4): 041007.1-041007.15.

XIE Gang, LIU Cunliang, NIU lJiajia, et al. Experimental investiga-
tion on analogy principle of conjugate heat transfer for effusion/im-
pingement cooling[J]. International Journal of Heat and Mass
Transfer, 2020, 147: 118919.1-118919.13.

SHI B, LI J, LI M F, et al. Overall cooling effectiveness on a flat
plate with both film cooling and impingement cooling in hot gas
condition ASME Paper[R]. ASME Paper GT2016-57224, 2016.
GOMATAM RAMACHANDRAN S, SHIH T I P. Biot number
analogy for design of experiments in turbine cooling[J]. Journal of
Turbomachinery, 2015, 137(6): 061002.1-061002.14.

ZHOU Weilun, DENG Qinghua, FENG Zhenping. Conjugate heat
transfer analysis for laminated cooling effectiveness: Part A effects
of surface curvature[R]. ASME Paper GT2016-57243, 2016.

DENG Qinghua, ZHOU Weilun, FENG Zhenping. Conjugate heat
transfer analysis for laminated cooling effectiveness: Part B effects
of film hole incline angle[R]. ASME Paper GT2016-57256, 2016.

(h#t: T27E)


https://doi.org/10.1115/1.2840937
https://doi.org/10.1016/j.cja.2019.12.023
https://doi.org/10.1016/j.cja.2019.12.023
https://doi.org/10.2514/1.18034
https://doi.org/10.2514/1.18034
https://doi.org/10.2514/1.15403
https://doi.org/10.1115/1.2019315
https://doi.org/10.1115/1.2841752
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.085
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.085
https://doi.org/10.1016/j.ijheatmasstransfer.2014.10.076
https://doi.org/10.1016/j.ijheatmasstransfer.2018.10.034

	1 数值仿真方法
	1.1 流动和换热基本方程组
	1.2 仿真模型和边界条件
	1.3 数值仿真方法可靠性验证

	2 结果与讨论
	2.1 综合冷效分布
	2.2 内部冷却影响
	2.3 气膜孔内冷却影响
	2.4 冷气覆盖影响
	2.5 各部分冷却之间的对比

	3 结　论
	参考文献

