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Modeled experiment on overall cooling effectiveness of effusion holes

in front of outer liner of annular slinger combustor

REN Xiaowen', ZHANG Jingzhou'?, TAN Xiaoming',
WANG Yiyang®, SONG Shuangwen’
(1. Jiangsu Province Key Laboratory of Aerospace Power System,
College of Energy and Power Engineering,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. Collaborative Innovation Center for Advanced Aero-Engine, Beijing 100191, China;

3. Hunan Aviation Powerplant Research Institute,

Aero Engine (Group) Corporation of China, Zhuzhou Hunan 412002, China)

Abstract: An experimental model for simulating the local primary flow field near the
front of outer liner of annular slinger combustor was designed to study the effusion cooling
performance. The surface temperature distribution on the perforated plate was measured by
the infrared camera, and the effects of blowing ratio, effusion holes-array arrangement, hole
diameter and perforated percentage on the overall cooling effectiveness were then compared.
Three effusion holes-array arrangements including square-diamond mode, long-diamond

mode and super-long-diamond mode were adopted. The hole diameter varied from 0. 6 mm to

75 B H#:2015-06-14
TEF A AE 2301991 —) L B LB LR . 2 BN F AL A & S HL 3045 %8 5007 T B BF 5.

S| AR AR 2230, K A LRI L S T A SR S A R R BAL SR B R SRR B R SR [T ). A s 8l 1 % 4. 2017, 32(6) : 1321~
1327. REN Xiaowen,ZHANG Jingzhou, TAN Xiaoming,et al. Modeled experiment on overall cooling effectiveness of ef-

fusion holes in front of outer liner of annular slinger combustor[ J]. Journal of Aerospace Power,2017,32(6):1321-1327.
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1. 0mm, the perforated percentage varied from 3% to 6% and the blowing ratio varied from

1 to 6. The results show that the overall cooling effectiveness increases firstly along the stre-

amwise direction and then decreases downstream due to the existence of recirculation zone in

the front of outer liner. The blowing ratio of 2 results in the highest overall cooling effective-

ness and the long-diamond holes-array arrangement seems to be advantageous. The decrease

of hole diameter is helpful for improving the overall cooling effectiveness under the same per-

forated percentage. When the perforated percentage increases from 3% to 4. 8%, the overall

cooling effectiveness is significantly enhanced.

Key words:

annular slinger combustor; effusion cooling; overall cooling effectiveness;

modeled experiment; local recirculation zone

B H) BA UBALAR/N HE A S R
ANASUAT A RV 10 25 55 BE T A TS A 0 9 48 A
171 L AT RLAE B 3 7 T8 180 - 5 4 9 TR B o
WA R0 T AR A A iR L R, &
77 A e P RE AR IR F8 A S LIR e 2 O ) b
HA oy mEmyp =

[ P9 SMIE N B3 e B BT R T R R A
fili 0L FHAF 9 A SR A BIF 5 AR B R R
HIA AL CF SCH R & BlAL) Hl i B2 3 Rk
FUIGARD ™ R B A L K BICAL B 5 A Oy
ALK RO B 5 5 bl i B v B
ST FEC A MRS K2 B AR Y A
B ENZE G B il 3 3R i MU BE = Y R AR
PRI R S BV JAL T R T AR I ) T O AL B
kA A SO S [l JARA e = S it B BE THT 1Y
BOR A AT G R M A R S . B R
ST o [ AR o Ll BB T 114 i/ K WOV
HES R AT T R RO AR S . A
BH 451 1) P 22 742 8 S W] 396 708 3 0 L 72k ) 3 3
TRABE = JOHE ] HEAT T REIR L0 . 15 2 1 KA fA
BE I 43 A B TARCHI G553 77 75 [l 3 X 4
(9 % BLVe ENEAT T S B 5 - (0N H R WF 58 3R
Ir BT BRE A A TR R E BR R AR R R BOR AR R
FFRADEF.

0 FR M B 4T O AR 0 A A A R R T A
S ALAY SRR RS 3 25 K 2 —. T OHE BT BE it R
AR TR S AR AR I8 25 BT 108 AT AR P R DR B T A
i e AR i A5 AN TR FE07 BRF 3 DX JeR ) 98 4 22 5
F R SRR T RV H T AR AN AR BE T 2
i T LA A 77 78 35K RUE 1) [l 3t 1K 8 1R ok
PEI S B E B B T I R e & KA BT 1Y i
T AR SO BT IR AR B s A0 R e 1A i S 2 AT KK
Y ER 5 Ve BRI S 0 BF 9T - X K BV 0 Y i
WCEE R AL A LA R TT L3R 2 PR 3R B0 3 i

117 93 #r.
1 RBFRR

Priihs be 2 9 H 498 B 4L UM 7 AR R
7% [ TN e = A R A T 18T 2 O SR AT i
WA e 2 AE SLRDIR B0 T 14 N B0 7 1 A AU &5
0T T G T A 3T U KA R A N BT S PR 5 TR BE T 1Y
S IV H IR T 24 SO HCHE JH i s A7 72 R R
] gt DX 3 — G 7 R AE L B T B B R
SRS AAER (L A v SN SE B AL A AT 3 i L B
S AU S B0 5 R 00 B A [ X [R] B RE 8 A7

Adr inlet—= ~ : \r \— ‘
n;i:llmi W \

A \N/J

Outer liner >
ey

0 f ‘\ =
AN Fuel orifice e
: \"_'- i X2 Guide vane

....... 1'_“‘9:"_1;' Metering orifice
fL="N

1
Fig. 1

Primshpe = 451 m B E

Schematic of annular slinger

combustor structure

&l 2 37 T Ak S P R M TR 3 Bl 245 4 s B
Fig. 2 Schematic of typical flow pattern in

annular slinger combustor



5 6 0]

F T AT AR 2056 B AF T i 3 BB A A Ty i
PR B B S PRl AR A E B
W 1 A 3 4 43 51 20 mm, i 50. 4 mm, i
TE A P8 100 mm, & M 70mm. B 3(b) K
SIS R AR T EE T 30m/ s A
T BUER UGS R S50 7 R HEAS REAS
B 3 A0 A 76 1A I o B 0T 1 T 0 DX 3 R ALE

!nlctdof
secon e
ﬂuwar< / > x\\\
’ ‘ ol ¥ e
] \‘30@ W ~
&
' / Infrared \ \
Inlet of mcasuzlemn:nt \\ Ourlet >
rim window %
L pﬂ O\;ﬂ' \
) '
(a) SEBREL

Velocity/m/s)5 20 35 50 65 80 95

(b) fi Ll

(o) SRR
3 BEBS g U7 S Bt

Fig.3 Design scheme of model experiment

2 KW ARZMLE M

2.1 XEBESE

SCH AR GEARR o B R R R B
PR BR A R BN AR IR L IR A A L N AT 4 BT
I S8/ | R SR 7l [ e o = B
AR SIS 1= N <O N O S Y A
I A HIAE 980K, N iFEh 5 K. EWR
A EAE 15. 4 keg/min, EREFWHE N 72050, 1%
ECU R D B 5 R G R A AR R KU EE

AT 2304« R e 4 S0 B A i e AL 25 4 8 AR S R S 1323
Infrared X\\
camera : \‘; "\I
Flowmeter < ™./ |
— R v
~ —’j’ = #—Test
7 { __ﬁzﬂ%{\-plaw
() Valve  Combustor \\
Kz 4!
;h_ﬂ\ Rotameter |\/
Blower |
[I :Qi — r | ik !T
\J S ‘ | l&
i _4\_ = f
Compressor  Reservoir Valve

4 LBAGREHA

Fig. 4 Schematic of experimental setup

M iy 5E
m./A.
m. /A
Korfom Jg e A Oy B T AR oo FR &
i > ¢ FRBE .
2.2 RESHBERI ST ¢4

FE R S ag 4k B K ol 350 mms 95 3 S 100 mm,
I g B2 0 70 o, R AL AR K RE I TE B 4 i
100 mm F 30 mm, ¥ 283 <& By T il & @Al B
G075 B 5 B B s L B, p oA AL
B i B B, R ALAR. TRALRE SR

 wd’
b= 4 ps

N TSR LR LA AT AL AR S R
MR IC2HE T 3 900 P I R BOR A1 58
PRER FASB5 BB S BEJR O 1 mm, O 15 7 F ¥
i AL

Bt

P

M = @D)

(2)

K5 REALIE S o AR E R
Fig.5 Schematic of effusion hole-array

arrangement

D JFFLEN 4. 8% HFLAE N 0. 8mm, g AR 4L,
M3 7 28, 43 0 Sl IE 22T (s/d = 2. 837, p/d =
5.673) K2 (s/d=3.588, p/d=14.485) Fl#
K2 (s/d=4.914, p/d=3.276)3 F.

2) JFFLE 4. 8% HAEZE L HEAR - ok 48 & AL
LA HR 0.6,0.8,1. Omm.



1324 it = &

LRV o

3) fL# A 0. 8 mm HIFEZE I HEAG . il 28 JF 4L
RO 3% 4. 8% H 6 %.
2.3 gk
R LA AR ASGHEAT & WY 200 RE 18T 04 Yk B
LALLM R E O 3 Ca)) SR T g 3 17
CLANBE RS, SCUR A R P R SRR T 1 AR
s VA 03X 2 1 0 Ao 900 AT 0 A A R S S
B, 2T M RAR AN B I K R R BE 1 I A R Kk
BRI 0. 96, #5738 it 21 4h B 38 9 17 904k L 20 4h
LIS 5 1L R 2N 0. 85, PR A AR & 1 FR AT 2 00
SCHR[23-24 1. ARGE L0 A AR AN A5 21 1Y BE R
VI 43 A 15 21 36 0B 25 A 8 B ROR A A, Hoe R
/(I
_T.—T,
[ p— o
Lo T, g & 8AL AR B0 BE I B2, T T 4y
S T2 A AR
S L ZE A VR AR I S AS B R
23y A% P FWIRE T iRZE N 1.5% ., B A
W T M RHR 22 106, & WCFL A A B i 3R 32
T, iRz R 2.5%.

3 KRERKDH

3.1 ERRUEL B R0
K6 fTm NITFLR ¢=4.8% fLi& d=0.8
mm , 1F 25 B 51 HE A7 5 & 180CFL AR LE AS [ 1 iR

(3

m,
0.90

0.54

(d) M=6

6 AR TSR HNBELE

Fig. 6 Overall cooling effectiveness contours

under different blowing ratios

OR BE TR Z5 5 0 ORI Al i LLE L ZR e
HCRE 5 ) (B NZE R A FRD 2B
Je T i AR Y A A B 3 5 TG [l O A AE Y
B S BAL AR B A A R A 3. X T Ja & K0S
H 2 i HE AU B S S R A Ve R A i 3
RIF TR RE i Xk T 77 A [ 3 XA 25 BE 1T s
S [ DX AR A el R T A BE T
P i th BUAE (0] DX A4 U7 - DT S ARG BE T Y 25
BV AR [ X BEAT F2 3 U7 1] 38 7 1 KL T
[ 37 DX T~ s 228 3

P 7 Ji 7R O B LA () WU EE T 345 97 17 )
JB& 16) - 3 25 45 V% ERICR oy A il 2 TR PR AR AR
o/ L2 I 5300 ) 3 B 5 e L M AR K Y L (L BT
IE SO T R 2, R LR e 4
HORG BRI FE T ik — P F KU LE i 2 38 K =
6, — YUAL Ie) e I T 0L PO 2 0 5 4B TR L R B
i AR AL 22 Z VR BRSNS

0.90
0.85 |
0.80 |
075 | #BY
070 ¥

0.65

0.60 F M=1 —e—M=2

0551 ——M=5 - M=6
0.50

0 0.2 0.4 0.6 08 1.0
x/L
BT ORI R P E 5 4 v RO A A
Fig. 7 Laterally-averaged overall cooling effectiveness

distribution under different blowing ratios

3.2 RHALEEIN ARG

8 K 2B B K 22 T8 W i i B L B 91
KR BALRAER KL M=1 fl M=2 &/ T
iAW AE AT KBTI LR ¢ =
4.8% fL#2 d=0. 8 mm. 454 & 6 hIE 3B kK
LIS D7 Xy SE g 25 8, AT LU ) K22 AL
W5 7 3 R B H SR AR SO S 3 AT 1
BAL.

B9 25 HY 1 AN TR A WAL e 51 =X & B LR
TEMCX B M= 2 5 (% Ji& ] °F- 35 25 598 JN R0 40 1
12 e W S AT ST e o s R I P 4 o 1 7 T
(x/L=0~0.3), KL FEH J5 T 09 K #AL ik
EUA B K BE T 25578 B R0C% L IE 22 TE R 41 7 X
T A EAL AR B BE T 25 Ve HRCRE B MK ZETE



AT 2304« R e 4 S0 B A i e AL 25 4 8 AR S R S 1325

0.78

0.72

0.66

0.60

0.54

(d) K3 M=2
B8 Al A AL MRS 5 0T SR i MR =

Fig. 8 Overall cooling effectiveness contour under

different effusion hole-array arrangements

0.90
0.85F
0.80F
0.75I «
= 0.70F
0.65F
0.601

« Square-diamond mode
—s— Long-diamond mode
0.55F  —a— Super-long-diamond mode

0:39 ‘.:) I 012 . 0:4 I UI.6 I Ol.s I ll.[]
x/L
B9 AR R BCFL IR 31 7 20T J 1) P SR a8 1)
B SP (M=2)
Fig. 9 Laterally-averaged overall cooling effectiveness
distribution under different effusion hole-array

arrangements (M=2)

I T E Z 8] A8 K HCAL AR P AR (o/L = 0. 4~
0.6), IEZE I B S J7 2N BA de K0 BE T 25 45 1%
AR RERRZ BRI I 22 15 & LR
Ja i (o/L=0.7~1.0, KRZER KT T L85 %
HRRER BRI R B KRERRE. A1
B ARS8 Tr 30T 10 2 BAL AR AT 35 1 Y
ERER IR P B I K RIS I AT 28 F
Ve ERR I A B 1 2] SE R A R R W] R HCEL AR 1)
IR NN T ER O N BURA AR & IR W s e
RE L X BE THT TR J0H 4 M B 5 T 22 T2 HE AT 1Y
S BCFLAE 1) [6] BRI 17 (1] B DC E 458 4 » ¥ S UL
T i 73] 1R 16 458 oy T 03 60 8 i 1) R

3.3 AHAAEMAFLRNZM

K10 g th T A BALIEZE B BE 51 HE A L WO EE
M=2"F . JLFh S 7 1) A HofL FLAR AT AL R A
Jr N B R B AR Z5 45 7% DR I i 25 K 6
HIEZE AL IS 05 SN SR 25 51 L T LU L A A
Al (9 2 BRALBROT FL R T B AL A2 10 1. 0 mm 3%
Hr gl /N E] 0. 6 mm, K HCFLAR I 255 18 J08%R 2 i
R HL 3 At 5 O 2950 3 dy AR AR TR 1 T L
AN L FLAR BN L R AL B 4 L T2 B v A U
SO AT DT 25 5 v S0 AR o g 76 A 1R 9
L EAR T BEE T ALl 300 K2 600,12 &)
73 OB R T BE I B T 1 3 4 s fn W 5 DA i A
BT £330 AR T w7 » [F] I 25 45 v B AR O3 A

P11 g5 i 1 A AL AE 28 TR B 5 HE A oL EE
M= 2 T ¥ it 1) 1) JEE [ o 24 25 5 ¥ B0 R O3 A

0.90 '

on O)d0smm s

0.66 -
0.60 (c) d=0.8 mm, /=3%

0.54 [

K10 REARMITART R AR - M=2)

Fig. 10 Overall cooling effectiveness contour under

(d)a=0.8 n'u'rl,f=63.6

different hole diameters and perforated

percentages (M=2)

0.90
0.85F
0.80F
0.75+
=070
0.65

0.60 - = d=0.6 mm
—e—d=0.8 mm

0551 4 4=1.0mm
0.3 0 0.2 0.4 0.6 0.8 1.0
x/L
(a) $=4.8%




1326 A |

DA

LRV

0.90
0.85
0.80
0.75 1
=070
0.65F
0.60 - ¢=3%
ossp RN
o 6%
03002 04 06 08 10
x/L
(b) ¢=0.8 mm
111 RRALERIFALE F R IT S5 A1
WA S (M=)
Fig. 11 Laterally-averaged overall cooling effectiveness

distribution under different hole diameters

and perforated percentages (M=2)

MIFALREH 3N R E 4. 8001 R BF B LR AR
R B AR H R E R TE. T2 JF fL R
4. 8VOME I 6 DO o JR i S 24 ZE A v AR Y 4
T AR 55 -

4 &

Bt Xk B8 AT AR 5 A S0 B AR i i DX I T
Y SR TT T A0 14 92 3 F 5.l ok 21 AR EA R A
0 R L AR 2 TP B BE 37 5 0 A B T IR XL
S AL I3 7 3 ALAR BT LA 25 X 25 v J Ak
S AR E LR

1) HNER5E 1A i s A7 A8 J 35 [l 3 X, 35X — ¥
AL (815 A AL AL 25 B iR BRI i 1) S B
Je Tt Ia FEAR A AL e 4

2) FEMRAVLE g 1~ 6 13 B P R LE Oy 2
ISP 114 ¢ AL 25 5 8 B33 3R dn s A AH [ 1) 2 1K
FLIFFLRAALAE T A LR ZETE HE A 1] LU
LB LR AR ARCR.

3) LEAR A i K HLAL BT AL R T S LA /1
AT LABGE 25 2 v BR0R s R BALAROT LR 394
BEINE] 4. 806 WI DL 2 4R 5 v AR LR
PG I £5 G v FRCR IR T AR B 5.

S 3k :

[ 1] KREWINKEL R. A review of gas turbine effusion cooling
studies[ ] ]. International Journal of Heat and Mass Trans-
fer,2013,66.:706-722.

[ 2] LEGER B,MIRON P,EMIDIO J M. Geometric and aero-

thermal influences on multiholed plate temperature: appli-

cation on combustor wall[ ] ]. International Journal of Heat

[3]

[5]

L9]

[10]

[11]

[12]

[13]

[14]

[15]

and Mass Transfer,2003,46(7):1215-1222.

ANDREINT A,BONINI A,CACIOLLI G,et al. Numerical
study of aerodynamic losses of effusion cooling holes in
aero-engine combustor liners[ R]. ASME Paper GT2010-
22942,2010.

SCRITTORE J J,THOLE K A,BURD S W. Investigation
of velocity profiles for effusion cooling of a combustor liner
[J7]. Journal of Turbomachinery,2007,129(3) :518-526.
BOHN D, MORITZ N. Influence of hole shaping of stag-
gered multi-hole configurations on cooling film develop-
ment[ R]. ATAA-2000-2579,2000.

FACCHIRI L, TARCHI L, TORI L,et al. Investigation of
circular and shaped effusion cooling arrays for combustor
liner application: Part 1 experiment analysis[ R]. ASME
Paper GT2009-60037,2009.

HARRINGTON M K, MCWATERS M A, BOGARD D
G, et al. Full-coverage film cooling with short normal injec-
tion holes[ ] ]. Journal of Turbomachinery,2001,123(4);
798-805.

ZHANG Chi, LIN Yuzhen, XU Quanhong., et al. Cooling
effectiveness of effusion walls with deflection hole angles
measured by infrared imaging[ ] ]. Applied Thermal Engi-
neering.2009,29(5-6) :966-972.

B IR kL A LA A OBREAL I 1) 7 3O % 2R
PERSZM [T, 28 3h 12, 2010,25(7) 1 1524-1529.
YANG Chengfeng, ZHANG Jingzhou, YANG Weihua.
Effect of the holes array arrangement on the full coverage
film cooling characteristics[J]. Journal of Aerospace Pow-
er,2010,25(7):1524-1529. (in Chinese)

YANG Chengfang, ZHANG Jingzhou. Influence of multi-
hole arrangement on cooling film development[ ] ]. Chinese
Journal of Aeronautics,2012,25(2):182-188.

LIGRANI P, GOODRO M, FOX M, et al. Full-coverage
film cooling: film effectiveness and heat transfer coeffi-
cients for dense and sparse hole arrays at different blowing
ratios[ J ]. Journal of Turbomachinery, 2012, 134 (6):
061039. 1-061039. 13.

ZHANG Jingzhou, XIE Hao, YANG Chengfeng. Numeri-
cal study on of flow and heat transfer of impingement-effu-
sion cooling[ ]J]. Chinese Journal of Aeronautics, 2009, 22
(4).343-348.

JUNG E Y,LEE D H,OH S H,et al. Total cooling effective-
ness on a staggered full-coverage film cooling plate with impin-
ging jet{ R]. ASME Paper GT2010-23725,2010.

Pl , bR 2 L oKt L B8 R HGR HI S ehdi /R B 2 A
ORI LT A2 3l Jy 2241, 2014, 29(2) 1 268-275.
YANG Qian, LIN Yuzhen,ZHANG Chi, et al. Cooling ef-
fectiveness comparison between effusion cooling and im-
pingement/effusion cooling[ J]. Journal of Aerospace Pow-
er,2014,29(2):268-275. (in Chinese)

XWACE A 8. whik /& B0 )2 MR A5 v 2D
Bonf LT s 3 J1 241, 2014, 29(6) - 1272-1278.

LIU Youhong, LI Ying, YANG Xu. Cooling performance



5 6 0]

2 SCAF T IR AR 2 S PRI i A AL S A v F AR B R S

1327

[16]

[17]

(18]

(191

and comparison of impingement/effusion cooling lamilloy
used as heat shield[J]. Journal of Aerospace Power,2014,
29(6):1272-1278. (in Chinese)

EAAS A SR, bR TR AR 2 it 22 FLBE R [ AR AR OB AL
AR H BRI G )], s 8h 124, 2007, 22(2)
210-215.

ZHAO Mengmeng,ZHANG Chi, LIN Yuzhen,et al. Study
of overall cooling effectiveness of discrete holes with dif-
ferent angles to concave wall[J]. Journal of Aerospace
Power,2007,22(2):210-215. (in Chinese)

PE KA T, B R4 5 BB b i kO A 25
TR SRR E NIRRT B3 I 4. 2011, 26
(8):1688-1694.

LUO Guoliang, YANG Weihua, CAO Jun, et al. Experi-
mental study of discharge coefficient and cooling effective-
ness for impingement effusion cooling in curved section
[J]. Journal of Aerospace Power,2011,26(8):1688-1694.
(in Chinese)

FARFBH S R XS W ST B 547 0 BA R 5 KA R iR I
(17 028 3 Jy % 4%, 2011, 26 (11) : 2480-2484.

WANG Yiyang, SONG Shuangwen, CHEN Yangeng. Ex-
periment on the liner wall temperature of a slinger com-
bustor[ J]. Journal of Aerospace Power, 2011, 26 (11);
2480-2484. (in Chinese)

TARCHI L, FACCHINI B, MATUOLO F, et al. Experi-

[20]

[21]

[22]

[23]

[24]

mental investigation on the effects of a large recirculating
area on the performance of an effusion cooled combustor
liner [ J . Journal of Engineering for Gas Turbines and
Power,2012,134(4):041505. 1-041505. 9.

CHOI S,LEE D,PARK J. Ignition and combustion charac-
teristics of the gas turbine slinger combustor[ ]J]. Journal
of Mechanical Science and Technology, 2008,22(3):538-
544,

LEE S,PARK S H, LEE D. Numerical simulation of slin-
ger combustor using 2-D axisymmetric computational mod-
el[J]. AIP Conference Proceedings, 2010, 1225 (1) 941-
951.

PR ST 5 RS #4455 3T 30 K 0 55 7 A 68 55 9K B Rk
W BAG BT . A= 3 3 2 4%, 2011, 26 (5) : 1003-1010.
YAN Yingwen, SONG Shuangwen, HU Haosheng, et al.
Numerical investigations of two-phase spray combustion
flow fields in slinger annular combustor [ J]. Journal of
Aerospace Power,2011,26(5):1003-1010. (in Chinese)
CARLOMAGNO G M, CARDONE G. Infrared thermog-
raphy for convective heat transfer measurements[]]. Ex-
periments in Fluids,2010,49(6) :1187-1218.

YANG Chengfang.ZHANG Jingzhou. Experimental inves-
tigation on film cooling characteristics from a row of holes
with ridge-shaped tabs[ ] ]. Experimental Thermal and Flu-
id Science,2012,37:113-120.

(R#E. TR A





