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Heat/Mass Transfer Characteristics in Impingement/Effusion
Cooling System with Rectangular Fins
for Combustor Liner Cooling
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ABSTRACT

The present study has been performed to investigate the influences of rectangular fins on heat
transfer in an impingement/effusion cooling system with crossflow. To simulate the
impingement/effusion cooling system with initial crossflow, two perforated plates are placed in
parallel and staggered arrangements with a gap distance of 2 times of the hole diameter. The
crossflow passes between the plates, and various rectangular fins are installed on the plates.
Reynolds number based on the hole diameter is fixed to 10,000 and the flow rate of crossflow is
changed from 0.5 to 1.5 times of that of the impinging jet. A naphthalene sublimation method is
used to obtain the heat/mass transfer coefficients on the effusion plate. Also to analyze the flow
characteristics, a numerical calculation is performed. When rectangular fins are installed, the flow
and heat transfer pattern is changed greatly from the case without fins. In the injection hole region,
the jet impinges on effusion plate without deflection and wall jet spreads symmetrically. In the
effusion region, the crossflow accelerates due to the decrease of cross—sectional area in the
channel. Local heat/mass transfer coefficients are enhanced significantly compared to the case
without fins. As the blowing ratio increases, the effect of rectangular fins against the crossflow
becomes more significant and then the higher average heat/mass transfer coefficients are obtained

than the case without fins. However, the increase of blockage effect gives more pressure loss in the
channel.
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Fig. 1 Schematic view of test section : (a) test section and

(b) top view of effusion plate Fig. 2 Fin configurations : (@) RFO, (b} RF1 and (¢} RF2

2

Z2E 100 mm FolR W Ho gERe U RF23SE 33% agdn.
o 3, FE/HFEC e 4F

A AW 2 AN ¢99E Aoy 2 2.3 AExA
¢+ AA (LPE 9145 model, Druck)E o]23t

-

qa7ee 339 ¥ AvelMes 271 A #ed 9% nFsin
A T"}Xﬂ o FEE dAsHAl FAGk olef g 3

2.2 AR gab gl iy B e fEe H3AAT A8 ST,
o] b, Y FEH FAAES fF¥uE EAMG

T ATIME A g4 9 wWiddgel WE d 3 dger, BAMIE gf gol Addd

/2R SAE 1] Hstel F 39 Az

B Ao disiA APE FASIT. Fig. 2& A M=Q./Q Sy

Hol AAH AMFEE vehd a9z & deie

Ztzke] A$-E RFQ, RF1, RF2% #Hasigdnth of7] Zrzre) 7o met FAMIE 059014 1.574 ¥

A, RFO, RF1, RF2 7A$d Ax" Azt o) A A7 »g% F3sldn). o] w, Ado] =27
Lo+ 24 30 mm, 20 mm, 10 mmol®, RFOSt o szoz 3pws £%9 Reynolds 4= ReDh=

RF18} Bl Wl ()& 5mmel3 RF29 B¢ §000~18,0000] sjgdict. EARIE A3x7)7] 4
°ﬂE 10mmolnt. 8, B2 AR ol A fof 2aEY § 433 422L B3 e o

TTEE= — 7o
wolol 5% 20 mm% FEWH} EAMEe] 92E g Z A7 7)% Reynolds & Red—lO 00022
A 2, A fASkT, AW F59 f%E WA,

RFO$} RF19) AMrs %il AR A
ol FoIAH RE29 ZelE 4402 1d BF 24 g/28 NS

golA A sHA ﬂt} AR YEl7h 60 mmo)
D2 239 Aer A Added o Abdwme) 2 dvdM 53E 24 BARYASE g
Ad A HHLL RFOY A 50%°)1L RF1% o] Hodg

SHUNAME HMsA, H45, 2005 41



B = m _ ps(Ay/AT) )
Pow — Po,c0 Po,w

2 dFME #UHE 4500 Uz egdo] 23y
o] QIR @orZ py,co=( ot} BHAIALASF (#.)
v vZEe] S35 (ay), APAZ (o), A
zadle] UL (ps) 9 THAAM Y=g F7|d
Z(ov,w)ERE F& & Qlth 7]A, By
UZgd Z7]9EE Ambrose S0 Aekst A
AogHE o yzgde I3FI|gS oA
WA Ao oiglste] Tl BEAAGAFY A4 3
BlQl Sherwood -+ &3} Zo] ¥d=}

Sh = hmDh/Dnaph (3)

714, v=ERlel 2284 (Dnaph) & Gold—
stein® Cho*? el AXF uhsl 2.

goflA] Aatd EAAGASE QAL EdAE
ke AAIE ol Este] dAEAFE Agded & glo

W, 7 48 thest gk
Nu/Sh = (Pr/Sc) %4 4)
AYATe] o384L Kline®} McClintock™®

o] AAE WHE olgtel 95%9 NPT BEA
4 4 sgon, AANOE £7.19 ol ¥

Fig. 3 Velocity vecior in case without fins at M=1.0 : (@) On in-

jection plane (z/0=3.0) and (b) On effusion plane (z/2=0.0)

42

#449¢ 2= A0 vehieh

SEAE/AEED A2E Y59 §55A4E 135
7] 98 A $E34 =23¢ FLUENT (ver.
6.1)E ol&stel ¢S FHGh FA Y
DL 349 HgFHA A5 FARER /Pdsty,
RNG k—¢ 45 EH9 enhanced wall treat—
mentE AREsle] FEPAA W} BE AAE A
ato] AxE FFHE. FEAE/FEEYL A2H0]
B FAzAE 27] e F7] (Periodic) &
o

2 dFeMeE Az 534 Al (grid indepen—
dent test) 2 E3 AT HAALEL udste o
80RY] AXE Adel o] &sint. AAE EAH|
M=1.0° q9HE AHdwo] HAHA P& H¢
At 229 RF19] Aol sl s3ste] Aa
9 AFE mABPT) o] W, FEAES IYT &
S AfxAT FgaA Fggon dRAdEs
10%= 24733t AL FPsH3Th

k)

3. €1

na

3.1 78

Am

o

Fig. 3& AM4Ro] EAHA 92 399 A

besses
e

LEa "

= /
e 7
Z Z = % Ze
/"'-N\t‘\ s s
Y ) :
@I ! T 1.5d ; Y

Fig. 4 Velocity vector in RF1 case at M=1.0 : (b) On effusion
plane Z/@=0.0) and (a) On injection plane (z/0=0.0)

SHOHMD H8H, 4%, 2005



TIAE{H] of 4l

L
- = oM

A(z/d=3.003% & (Z/d=0)8] & ulE

HHN-
w ﬂl}°|

o Bt 4T fz 30 (o N A e
é >
I ikt
g, g
% o
ok o <

point) SkellA 2t =

AES] difio] sFdgoznt u

T YUtk

2% o4 (Fig. 3(b))°ﬂ ME

< Eolﬂl Q"} n‘?‘r°ﬂ*1 %
A A

A ok
ARy
52 2N FEhsel A58e g

:{o

e o

=
E
7k

R

3o i
o

Fig. 4% Ao AXE A% (RF1) 9 45HE
vebd Aoz oM AFs /‘}7—}3‘401 e A9
OE f5 54 24 2o ARG #ArE
F9g 7tEAZE AMzo] AAHe] o] Ygdg

T 5ol AUk EIeE s Agad
(blockage effect) & & AYUE EAlHE AE

= e 50 93 AT A uka ok Ho

utehA HRWEe R HEHA b= BAME EAo
el ‘i.ixﬂi% %’3}% “Jz?}oi 1_1‘0‘3}74] ‘%}‘?’:}%

ol o{N el i

Al
o
2k

nol 53 Avh:ﬂ_ Aekededel zoﬁ 3yow odfﬂ
4 A2 AR BAAE A AA f50l B
o AFHgo g o)lx=xs B £ g}

frEgE dudxg ‘IQF (F1g 4(b)) M= At
ol gl Aok A FEEO EAse AR
& 540l vehARt Az AAE Adue @d

F4% A8 QAN §F S5 FAEE ¢ 4

Fig. 5% A M/=1.080 2ZEAE/S2W7}olA
AtZtEo] HAXHA] okd 59l vhakst Abzhgo] A
gAY, 1E8eIMY d/EAdLAs ExEs 3

FHAIIAMEL MBA, HM4S, 2005

Ztg olst SEHE/38YY

N

T
=2
Z
>
TEl
[l
2
=2
i
e
—
an
i
ue
Am
0x

-3.0 0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0

Fig 5. Contour plots of sh : (a) without fins, (b) RFO and (c) RF1

A9 4 (BT FAY Wl (A4 & 47 BaEe)
598 909 §25 Ushan. £8, 249 A7
Hge Aol 4K 4z Azug o,

Fig. 5(a) & AMfo] 8157 ¢e A9=, 27]
gk 9EoR W/EAAY Zrodolo] aHEHMEO
2 A9A SR $E7 dehiel, A=A 3
o f5ol g8l SRR LN HEE Aol

ox
d/EdAge] @2 JYo] F4HL & F Utk
Ty Aol Aol e 2§ (Fig. 5(b)
~(d) Q/ERAAGAT ExE A 2. oA
FedA2RE G5H%0] BAE o
X FEAERZ FAEHE Y/EAWT FU 9Ye]
]

o

dAdez gAad, Aol A e A
GERbe §3F Alold e Q/2A9RY%e) Ui
M2 o 29T WIRSE 28 AE ¢ 4 A

=
E2J3 AtZbsgo) AA9 0d0_|do1]1 LEZ2EL
2 (vortex) BAIoE =& g/EAAY EA
g & ik

Abzb 92 9 al stel uhe o
Akl AdEagol 50%e] #RHE R
<9} 33%°) SFHE RF1E AAHoZ FAKS °§/

AAgAs %:‘—E% EO]L Aok otk Ad A
Ago] 22 RF1Y 3¢, +2F 99 (»/d=0.0) 01]
/‘1 G Ad 5ol 945& 540 Bt o Yehds

T Ut

*}7“‘401] o3 AphdAgo] 33%0]aL AR %
Foo] YT fsol Lo e AHE Eed RF2

43



L —- = without fins
20 : : —e— RFO
—o—RF1

120

Sh

80 |5

7
A=E
Piat
=Y
.. .j ",
fll

40

) i
8.0 9.0 120 15.0 18.0 21.0

200 | S i | o= without fins |
—+—RFO

—o—RF1
----- RF2

6.0 9.0 12.0 15.0 18.0 21.0

Fig. 6 Local distributions of Sh for impingement/effusion cooling with various fin configurations at M=1.0 :

(@ At =30 and (b) At Z0=0.0

o} A% (Fig. 5(d) & dAY EAE ’E%“E%
93 A¢EHe d/EZACAST XA 3o
rolA #oh. £A1EY FHoE g gAFA
o] AlAIHA FEAHES] Xéﬂlﬁol ALF F5o
3 IR olFEE £ 5 Ak AN oA
A o e §F °ﬂ Dﬂfé} AgEanry 27
e} YAE dgdd] o3 2 d/EAAGAT £
27 gA vehta gl

Fig. 6 Agdoe] dA€ A$ 6.0<x/d=21.0
T2l dEM 2d=3.0, 0.0e1M2) T4 Sh F+ &
25 vehdls adolth ¥ 027 BAE FF
S A 94 2L FEEY AAE e A
A& ApdEe] HAFHA g2 FEAE/FEEZ AN
o F4 Q/EFRADAS gholh

Fig. 6(a)E 2z/d=3.0°9149 3oz 3 {%
o o3 Aol AAEA 2 A, FAM] sF
oz X9FE T B F glon EAlE AE

_)‘J_r‘
< o

o 1o ox i 2

—_

o B §EAG ABAE 9P AER 1
2 5& 2kl WAL ool W) Alzko] %)
¥ 79, RFOS} RF1S 98 459 %] A9

glo] A d/EFAAGAr BEE FAsA 2
o mebd, AAR 712 sRHEdME AR
o] Yl At Hld dgor @ g 2 HA
ul AFEHFSE] "1 Ho o Bys ] ]5}]:]_ }\}_

T TAE

w0k {59 gge] EAEY) i
o] AL 49 &M 71&" RFO
o] EAJo] BEgdor wAdr YT fEoE A

S
>
N
e
9
i
R
i
o

AL HFE o)FHL FUFRS
o3 HAE} "’E‘%f‘o o2 ol
5

A 2perE ol

olEEo] AR
%7} yehiA B
2/d=0.0914¢] 22

ANE B2 G/EAAZAF
Fig. 6(b)¥ F&E 34
Q/EAADG BXZM BE A ] FEE BY 94
AN FERFY FELF -—7} 1 FEFEY FER
oal 7 H& Fho] Ushtm Ax deid F thA
FE2E doA FEECR AF FoAE BEXE B

oA #rt.

AtZRo] AXE 7%, o] JAdo AlZwe] HA|H
A kokLo] BFEa 35~55% E/EAFG A
7} FAEL olE FEE YA FEEE 57t
o M AoE AdARo] Mg & RFOY A7t
RF1% RF2 A%l vl8) B2 4/EHFE @l 3
/\JQ ° % 2= 9\)\1;]-

3.3 2AlH| Bt mE A

Fig. 7 Alzbgo] “ilﬂ 7% (RF1), ¥AW] W3}
o e 4 Sh 4 ¥EE Uehlje 1otk Rhee
Do g3 B v z_}ol Apzhol &zﬁs}x} o

e FEAE/RE Aol BAM F71ES
wa G5 9 TR HAES} oS ¢ ohri
WA dAEQ Q/EARSAS BE7 A
g

oot (o ol

A 2] 442 At B La
o] AREA FAH T
4 93 % > o Amvu Augstol vl
8 = #ApE 3719
A=A %“E‘%“%}Ei g 2ol S

o 4 i ;3 23

SNUIIAXNL H8H, K4z, 2005



Mxlof e g/2FMY 4

Il
LT S wEelth. M<1.091ME Atz
el wE Pt d/EFAD gl g

Fbrl glstol 4
of gk A el sl

ratio = (@) M=0.5 and (b) M=15

)

B HAA dZbS 28t ZEH E/REWZIHoM AtztE
&%
34 d
ol A9 gE Aoz Yehdt)
AR dste] ME HY G/BAAGATY IF
0.0 6.0 0 120 150 180 210 S Aupd, AAdEe] gE Afels EAMIZE St
(@) ol wet ALF 15 IT9 TNE B QELR
, e GAGIE FAhdhe Aol FRIA Yerdth ol
e Hhsl Abdae] AXE Aol AW Ftel w3l
] 8 9ol 97 W/EAAY Pol 54 & F Aok 59
-3.0 0.0 30 6.0 9.0 12.0 15.0 18.0 21.0
x/d RF0S] A-gol= FAM] F7b] wet o gAg
(bl At FEE B S Qe ol BAME 9o &
Fig. 7 Contour plots of Sh for RF1 case at different blowing Atdlofl gAgle] YASHA FAHT FEE JYA
T A STl WE e {5 Sl A A
gye % Z71ER s Ry dAge) AHYY)
ufitolct,
A=, 27 3] EAFe FEAE/AEEY
2 el Falh $7HESE A A 53 o
2 F7He ¥ 7 vk
A= Ady
< A8

=28t
Aol AR AAEoE
R ERE RSB

’

o2 Ze7he ddol vt
Ty o] FgelMz
A3 Aol gl Aede 28 ¥ /%
AT 22E F43A Bk
3.4 7 ¥/23Fg 3.5 ¢
Fig. 8& Z47te] Al4de] digt 94 dyg 9/8 B
AdEAFE Yehle adolth o) W, W¥BFE o or¥yE: #Hy
A% P2 -3.0=<x0d=<21.0, 0.052d<3.022  Fig. 9= zzto] Ao
e, dHGeE YeEd RO
A M=1.090 A%, =4 YEAAAT £ G5t (APuos) T HF AW BAF AH Alo)oA]
TN & & %ol AHEE AXE BE A7 wgss gaRst (AP 2 UREIT
W2 el ng d/EAALATTF 20%7% IR B 5 9Eo] Y oA BAEE ok
= & 7 3tk olv W AFW wis & et wapue) A2 AuwE g S v &
Aol W 2 adz HAEZL R Age o & gk B3] A5 FHgo] 50%2 RFO
WO AR HAR AR o) Be Azpye] HAHA e A4 wiE W
‘ ---m--- without fins
1 e
~n- RF2

90
‘m. .

a3A @
= 344
ol, Alzke A
Foz ZHvpte A
/0
A | |
Fig. 9 Pressure drop ratios for impingement/effusion cooling at

80
--m-- without fing
6| | —*—RFO
—o— RF1
-6 RF2
0.5
M
Fig. 8 Overall average Sh for impingement/effusion cooling at
various fin cases

50

various blowing ratios

RUIIAKNG: H8A, H45, 2005



>

B4

2 497 2R
Ak SEAE/FERG A2Hel ¥ARAE
37) A8 FHHQ FHol .THER $X X%
e x4 Ao

02 A HEe % 344
Me FEAE/FEET ALEd dE A
g 1] A HA7} o] FofFol e &
A

Ak olsh 2E ¥ 4

=)

448
AFME 7] 3
%‘@Z}H”ﬂ oA /‘}ZFH_Q A
%’\ 4/2ddd B 1
=3 2t

1) $ARERE 84l /‘}ZL_ | Bl A4
RF1), 2X% Alzkae 3y z"sol: sxo
o QX'“EE AVSL l%l-a’
BARE 99 (2/d=3.0) oA &,J_s}
/%764_21”7-‘1]? BXE AR
BAET S BolA Abkde] A e
7% (RF2), AW {50 EAME
2 AurbaA qi3AA @/EddLAT
7b AR g el ois Al g
a7t 27] B HAES} FHOZ A ¥
AwA =& QEZAGAST FI7F JEsh
FEE 99 (2d=0.0) A= L€ AHGH
gt AdHd FAE §%F0) VMEES 42
F Ager o2 A FEE FY MR A7
Bol AAHA 32 Agof vig] /AL
FE I
A7E M=1.00 A%, Azbse) dxjg
7397} Abdgo] AXHR e A% u]
3 B G/ERRE welM 20% FEEE A
o7 Yehg.
AL SRS 3R %%94
2 Adue #FEE SR
2 &3 B8 © FHEe
A
A AAE B AT dEAse 24
Hoh At el A go] Sk uel 2
A Z78< a3t wekA A BALs
B W% BIE e FEAE/AE

2)

3)

4) £

5)

6)

46

(D

(2)

(3

4

6))

(6)

3

ok

97 2R dE ARR LAzAE 1S
o A2 AA7E olseidor e ¢ % 9tk

71

=
=
b

AT FerlEd 7Y A7 A A

Hollwarth, B. R. and Dagan, L., 1980,
“Arrays of Impinging Jets with Spent
Fluid Removal through Vent Holes on
the Target Surface Part 1: Average
Heat Transfer,” Journal of Engineer—
ing for Power, Vol. 102, pp. 994~999.
Hollwarth, B. R, Lehmann, G.
Rosiczkowski, J., 1983, “Arrays of
Impinging Jets with Spent Fluid
Removal through Vent Holes on the
Heat
Transfer,” Journal of Engineering for
Power, Vol. 105, pp. 393~402.
Cho, H. H. and Goldstein, R. J.,
“Effect of Hole Arrangements
Impingement/ Effusion Cooling,”
Proceeding of the 3rd KSME-JSME
Thermal Engineering Conference, pp.
71~76.

Cho, H. H. and Rhee, D. H., 2001,
Heat/Mass Transfer Measurement on
the Effusion Plate
Effusion Cooling System,” Journal of
123, pp. 601~

and

Target Surface Part 2: Local

1996,
on

“Local

in Impingement/

Turbomachinery, Vol.
608.
Cho, H. H., Choi, J. H. and Rhee, D. H.
2001, “The Effects of Hole Arrangements
on Heat/Mass Transfer of Impingement
/Effusion Cooling System," Proceed—
ings of ExHFT-5, pp. 975~980.
Metzger, D. E. and Korstad, R. J., 1992,
“Effects of Cross flow in Impingement
Heat Transfer,” Journal of Engineer—

SHUIHMZL M, M4s, 2005



(N

(8

9

(10

FHIIAK L R8s,

JEAEE ALY Wzt 95 SEHE/REY

ing for Power, Vol. 94, pp. 35~41.
Florschuetz, L. W., Metzger, D. E. and
Su, C C, 1984, “Heat Transfer Character —
istics for Jet Array Impingement With
Initial Crossflow,” Journal of Heat
Transfer, Vol. 106, pp. 34~41.
Haiping, C., Wanbing, C. and Taiping,
H., 1999, “3-D Numerical Simulation of
Impinging Jet Cooling with Initial Cross—
flow,” ASME Paper No. 99-GT-256.
Rhee, D. H., Nam, Y. W. and Cho, H.
H., 2004, “Local Heat/Mass Transfer
with  Various in
Impingement/Effusion Cooling System,”
ASME Paper No. GT2004-53686.
A, olEE, 2¥3), 2004, “‘FEAE/
FEIPEAN B8 AR wE 345

Rib Arrangement

K4=, 2005

27| ol M ApztEl

an

(12)

13

MHxlof mE g/gENE EA
e digt A+, A33 AFAFE e
3], pp. 663~666.
Ambrose, D., Lawrenson, I. J. and
Sparke, C. H. S., 1975, “The Vapor
Pressure of Naphthalene,” Journal

of Chemical Thermodynamics, Vol. 7,
pp. 1173~1176.

Goldstein, R. J. and Cho, H. H., 1995,
‘A Review of Mass Transfer Mea—
surement Using Naphthalene Subli—
mation,” Experimental Thermal and
Fluid Science, Vol. 10, pp. 416~434.

Kline, S. J. and McClintock, F. A,
1953, “Describing Uncertainty in Single
Mechanical
Engineering, Vol. 75, pp. 3~8.

—Sample Experiments,”

47



