International Journal of Mechanics Research J72£WF 5%, 2020, 9(2), 32-47 Hans )0
Published Online June 2020 in Hans. http://www.hanspub.org/journal/ijm
https://doi.org/10.12677/ijm.2020.92005

An Improved Empirical Formula for
Film Hole Cooling Efficiency Based on
Numerical Simulation

Rifeng Wang!, Hangkai Bao2, Ying He!"

'School of Energy and Power, Dalian University of Technology, Dalian Liaoning
2Hangzhou Steam Turbine Co., Ltd., Hangzhou Zhejiang

Email: 1053783971@qq.com, “heying@dlut.edu.cn

Received: May 8", 2020; accepted: May 22™, 2020; published: May 29", 2020

Abstract

Film cooling is a prospective cooling technique for maintaining and improving turbine working
life with obvious advantages. The existing empirical formulas usually ignores the effect of the ratio
of film hole length to the diameter L/D on the cooling effectiveness, but L/D is related to the sur-
face inclination angle of film hole and the size of surface inclination angle of film hole greatly af-
fects the flow pattern of the jet, and thus has a relatively large impact on the distribution of the
cooling efficiency. The aim of this article is to construct an empirical formula through numerical
experiments which can accurately predict the laterally averaged film cooling efficiency in the early
stage of designing blade cooling structure. Therefore, the effects of film hole spacing, surface in-
clination angle and blow ratio on the laterally averaged film cooling effectiveness were first inves-
tigated by numerical simulations. The nonlinear fitting of the data was performed by using Matlab
and were subsequently summarized as an empirical formula which is related to the above para-
meters. Compared with the existing empirical formulas, the improved empirical formula can give
a better prediction for cooling efficiency, whose coefficient of determination is greater than 0.9.

Keywords

Gas Turbine, Film Hole Cooling Efficiency, Numerical Simulation, Matlab Nonlinear Fitting

ETHERVISEALLHBRZN 2R
1
ERF, asmat, K oa

RIE T ORFEREIE S E 1, LT K&
TEEH .

NES| M R, B, R BT EE R R SRR 25 A B IED]. 15, 2020, 9(2): 32-47.
DOI: 10.12677/ijm.2020.92005


http://www.hanspub.org/journal/ijm
https://doi.org/10.12677/ijm.2020.92005
https://doi.org/10.12677/ijm.2020.92005
http://www.hanspub.org

EHF %

HMRECHUB S B BRA R, HriT M
Email: 1053783971@qq.com, “heying@dlut.edu.cn

ks H i 202045 H8H ;s A HBE: 20204F5H22H; &AHB: 202045429 H

H E

SRR ARSI F R 2P EAAERBMBBEMATR. CHERNERANEE ZBTURALKE
b (RURALK B /SURALER) BRI 2 R N, HRELESRBAMR, SMRKEE 5
REIFBITE, WX AU AWK . ASCEAEESHE LR WE BB MR T
NRETF[URRNRRNER AKX, AP 5 R A0 PR SRV . ASCE SBdSuE
BRI TR0t T FLIEBE . SUBRBUA AR XL B N5 R P SRS RN, & LRSS
ZRPAFTHRENEEAXF, EHAMatlabXEEHTIELEENE, BRESCHERARETITLL.
ZREY, AXHBRELBRAREMSHRTAEF T OANEBAXBREREHKT0.9, BAR
HFHMAMRE .

KA
WSHL, BRI, BEBH, MatlabdFSiElE

Copyright © 2020 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

PR TEEHL v DS AT sUE 0 A NIV A S AN 2, TSNSV 20 B 20 B A B AL 3
AR N TS, A2 — M IR R AR . AR AN BB 1 P, 3l e i BB A R i T 5t
R L, AR AR USRI 77 B BRI, BT R DU B DT B, A
SRR 170 S 90 25 B A vl B R T T A — R R B AR A, AT DA R i R 5 i A BT
(R, TS TRl SR 2 20 B B AN R (K4 I (1]

FESERRBIT SO RE AR, S HORE A IR -5 s AR e s 77 2O B 1R A i ki sl A
SRR A AR U A5 21 45 SR AT DL LU 2ot Fr (R 0 55 s ) b, T B 74 0 20 3 A B
HRCR M EE SRR, EEZ SR SRS EIEN . I HT[2RH Realizable k-¢ 25 i A [ AL
[ B S R 0370 A RS PESEAT 20 AT, R B LRI BRI, S SLIRD A BRI R (PR, 7
LA B (7 B8R o BRI [T B AR Y, M TS RN A E T S B2 A 3 ) 3 A
KIUNIA8 FE BRI R I, NS R BN Gy, ST i R s DO NS
B, BEE NS AR, ST KR I GO . DR AD AT . 5558 RIAE T
SRAL PO AN BEAT T BUE RN, RIUAEA R LT, S8 T SR IR AL A v 20 28 A AR 1) 78 2 [X 3
BT s LAY SR TEANHE TR S AL A Rt i) 7 Al et FOTE R, B T SRR EERE,
MY TR E R . FhIIR O[S I 520X A [FIWR AL B B AT TR AL 020 R 4 04 22 B 23 A AT

DOI: 10.12677/ijm.2020.92005 33 VAETIS


https://doi.org/10.12677/ijm.2020.92005
http://creativecommons.org/licenses/by/4.0/

EHF %

THEFT, KIAE M =05 IS N BN, Gevext MRS Er MRy S M =10 f1M =150,
SRFUAL S I 0 B8 A MR A P XS ¥4 A R 1) 0 AT A ORI R

MR ER
U,.T,

—»

_>
é¢ﬂ ‘K;

AHTR T, "

Figure 1. Sketch of film cooling
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Figure 2. Sketch of computational domain
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Figure 3. Grid-independent verification
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Figure 4. Verification of calculation results
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Figure 5. The variation of laterally averaged film cooling efficiency 7 with the hole spacing
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Figure 7. The distribution of turbulent energy along the Z direction
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Figure 8. The distribution of film cooling effectiveness along the Y direction
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Figure 9. Area-averaged film cooling effectiveness showing the blowing ratio
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Figure 10. Effect of blow ratio M on laterally averaged film cooling efficiency 7 (P/D =2, a = 35°)
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Figure 11. Effect of blow ratio M on laterally averaged film cooling efficiency
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Table 2. The setting of parameters
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3 60 2,3,4 0.2,0.4,0.6
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Table 3. Empirical coefficients for Equations (10)-(15)
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(13)[7] 0.335 — — — —
(14) [7] 0.804 — — — —
(15) [8] 0.1721 ~0.2664 0.8749 — —

Cs
0.8222

Cs
1.0873
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Figure 14. Comparison of fitting effect of empirical formula under low blowing

ratio (a =35°, P/ID=3°, M = 0.6)
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3.3.2. RRELBEAT(0.6 < M < 1.2) R AREIBIE
WAL I, AR I B SR L X I R B AR LS, B sl S AR LI 58 AN T,
JR i)~ 25 SUIBE A KN AR 3 A1 1) b 2 R T UK A 503 GRSV SRR B WXL R MR TT 9st ) , B
oo
VR
PR A e 4k 2R FH 30 (20) (4 72 20t Fi i~ 22 AUV B RCR I o AT BEAT P45
115 10 AT LA 2 UM BN, FERGRMROX LR, VA 0803 i 2 A SR AL B I [X A R e
AT R, JF b2 N B S EEE O L R R Mg R, i e B AR SR E . RIEA
S R L B v 1 DX 38R 2 BEeR B 75 Ui AT 20 56 A SR A, SR 28 AR B WXL EL T e )1
PR TR 2256 o8 sCE AT 30 R o« 38(22) b 5 — TA Aotz i) 1 #0065 iih 26 )7 305 BB AUl 1 5
BRI R AT R, 55 i 7 A0) MM E B, B3k 4 hals A sURKL Co~Cyo MIIE T
WL By 5 PID, M, a BIRR, BA—ERWEE L.
C,(X/D)’+C,(X/D)+C,

(21)

— Cg Cy . Cyo
n= 3 > +C,(P/D)”® M™ (sina) (22)
(X/D) +C,(X/D)" +C,(X/D)+Cq
Table 4. Empirical coefficients for the Equation (23)
=4 R(I)RWAREH
M C1 C2 C3 C4 C5 Ce C7 C8 C9 C10
(0.6,0.8] 0.396 5.852 82.701 —19.047 316.164 336.312 0.682 -1.638 1.148 —0.347
(0.8,1.0] 0.752 0.546 47.865 -16.215  265.630  222.140 0.580 -1.680 0.968 -0.304
(1.0,1.2] 1.256 —2.055 33.784 —-12.549  307.248  183.560 0.576 -1.800 0.819 -0.235
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Figure 15. Comparison of the fitting effect of the empirical formula when the
blowing ratio is 0.8 (a« =35°, P/ID = 3)
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Figure 16. Comparison of the fitting effect of the empirical formula when the
blowing ratio is 1.0 (« = 35°, P/ID = 3)
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Figure 17. Comparison of the fitting effect of the empirical formula when the
blowing ratio is 1.2 (a = 35°, P/D = 3)
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