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Film Cooling Characteristics with Straight-Slot
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Abstract

A numerical study has been performed for the 2-dimensional film cooling employed in the cooling
of hot components such as gas turbines. The flow and heat transfer characteristics are numerically
simulated using FLUENT software. Blowing ratios vary from 0.25 to 5.0 and coolant injection angles
vary from 15° to 60° in 15° increment. The result shows that, for all cases, there exists a blowing
ratio which maximizes film cooling effect (measured by the distance from the slot exit to the
downstream wall location at which temperature increases to 900 K) for a given injection angle. 1t is
also observed that the film cooling effectiveness decreases when downstream wall is sunk or lifted.
The simulation has been performed using both constant properties and temperature dependent variable

properties. It is found that the cases with constant properties overestimate the film cooling effect
considerably.
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Fig.1 Typical model for film cooling.
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Fig.2 Geometry and grid for the main-
stream and coolant flow. (Origin
is attached to the downstream
side of the slot exit.)
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Fig.3 Flow and temperature field for the Vc/Vm=2
/2(m/s)=1 and the injection angle of 30°.

=X
—

ul$- @datA EFEdAE

ez FHd FHE

I A5

25

o7 o)E38WAN st&d AASE B
FE 352 27 B 4RI}
&% BFHZ W Sozge B 4+ g
(Fig. 3 (@), (©), (), (). (Y &= Helg &
HRW 559 F& dddA AE 45 EHL
AR sz BE R AAS §50] FA
2 A # gt} old AEFEH FHe
A5 Ago % FE3 ALEHoR Ty
Mo APHY LERIEE (b)e AT EA
o, ¥uer BEXE (e)8 go] EAYL ¢
% Aok

Fig. 4 A $AGEd we 3y 45 &
A 237 @F Wde 2%l 90K =g
o] Ae)g RAFn Yok 2AEZ 19 29
dE WEdos ALY BAW 29 RS
EAZAE 1545 WAAGs aA o)
U gou BAZE 60°U W WA @

A Zage & 4 A ols T 2AZY

L

50

»
o

[*3
o

N
o

- \
\
— s,
RNy a
"o
—O—V N, =1, ver. prop.

—B=VN_=2, ver prop.

Dimensionless cooling distance, x/d
3

-0V, = 1, const prop.
~B--VN_=2, const prop.

0 L L ' . L
20 30 40 50 60

Angle, °

Fig.4 Dimensionless cooling distance vs.
injection angle when the down-
stream surface temperature reaches

900K (Vm=2m/s).

Film cooling effectivencss %

Fig.5 Film cooling effectiveness as
funtion of downstream distance for

a

various injection angles, when the
blowing ratio is 3.

$ WAy} sRdEozyE ggd 71U
gn ¥ 5 A9th© AL 19 AR 24
ul7h 290 A9k WAARS Ao, 9AEBAA 2
Y Asug BN £xE9 $4Y 9
G35 £5FYMo 2m2 WHAYT A I
79e ¢ & Aok BAH 1M E 15604 2y
7 5ol AY FAV(IWLE 90KAA EE
At AY ZAWH) BAMIL 29 wE 457
AY A e ¢+ A

Fig. 594 247 39 o o8 BAzE
oA we W4age PASTERE A 5
2 EASYD” stHHALEsL 900KY wWel A
dE 37 1go) B%A F$EA F BAZE



50

/&; ------ - -a
] o~
40 L g “ro. el
” A A
P ~o
§ ll',l """"" -0
" | 2
Q /i
2304 o
s &
o N
° i/ 4
@ : /4 G
8 i ’5‘ 4 —
€20 . v/
% :",' —0— 15" var. prop.
5 1 —4&-=—30° var. prop.
£ i —0— 45" var. prop.
a

~— 60° var. prop.

H - <O--15° const. prop.
=~ -&--30° const prop.
L ~-- 45" const. prop.
- - 60° const. prop.

o L L L L
2 3 4

Blowing ratio, V/V

_ 1

)

Fig.6 Dimensionless cooling distance vs.
when downstream
wall temperature reaches 900K(Vm
=2m/s).

of 3l ¢1e & ALw, Fig. 49 BAH] 29 o
o) g FApsich ot e ¥ 58
2eatd AN E HYz e PAGEL v
2 5 gtk o8 £¥ YR E LS 85%((3F
WEE 820K7HA =2AEY dghHz Fow
b 2 WAARE AR 30°9 wojo)

blowing ratio

tlo

32 £Abu] wsjel e iz 54

drdoz Azt UR 39, f59E £
AHAES AF e gdztdoz RE 7 =

of W37 Heol gaHH, Azt UF g
BFoE BAAES $E5Fo] UF Hom o
Bzt Zn 44 dolnt. wekA HEG BA
o BAZ =Y 2Fe ZE Zlo] We Fasich
Fig. 6& FHFEE7} 2 misY T o] 2] (0.25-5)
of tig JZAAGEHHILE 900 KA =g
ADE o2 BAGE did ReFa i &
BAZY L] ged ¢ ARAMI(F 25015
AN BAHIZE Frhgel] wet gz Aol
T 7 AT dHEANE S A
7h BAAE REY Y= ENE FeRg F
o A7bsel ¥ 2 3AAYE EANHAGL §Y
TA =S tiR JAEP S AdEE At
250134 " BAA TR0l AAF &

e ¢ 5 Yok WA o] olge) Fahu: o

38 W7 202 AT shAENY H%A
st z#@stA Ah® £@ on ZEEx Ho
WzA Bapulsh 2% ¢ 5 Aok
A7 29 W= WAAE 2T BAU
N2 HRAZE 60°% A9, BAmlgl (B2
ME BAMZE 15°Y w7, Bapulzb 1632l
AE 24zt 3000 wi7h, BARH]) 250]49Y o
AR 45°d wirt S REE-LE 900K7HA
o AZAAYN Y B2 2 & Aok

=

= <
g 2=

=
LS

3

33 ¥AET S EH
5

Fig. 7-9&= ¥AM|7F 201
o EAET RHY s
I R E PULE
Hag #3 E2A4=E 30°9
AR B BExE 2
FkA R AntA oz YzhEy)
Ao A g2 Aol vida &34
2RI A F& Aol Yehud, &
To HtE 3§ Flrtele] Fd HtFuisp BE
Heh ol o] AHdAM =HeEHo] QA He
THeAdE A H & SR e A

TT 5
0
sAE

lo

Ea
°©

3

o M

=

2
N

O
EfT

FA g =
RERUER
57 57
7 ue sruw
SRR
Folux EEo)A

H

~3
_E
(o
3

2
=

9, Fig. 794 AY &£E&79
59 olZ¥Y A entrainment effects)E T AH
t}. ol9}t #/ABY Fig. 7dME AES FH

AEALERoRN, €8 FEETY A9
SxPEE 3F9 138 84 g AgdA A
HA A=EFFE BojF1

24



(a) 30°- flat

l

B I ANE NN

{c¢) 30° -5d-up

Fig.7 Velocity vector when Vc¢/Vm= 4/2=2,

Fig. 8ol €538 BadF @ Slt}. Fig. 79
300 FARY P9 Zol YA HREEE

= dAAZ U 452 dAHA sz ex
o %3 FUsd SdAe FAADY. o

#3 o]l 42 Fig. 9914 B F giEo] 30°H Y
of Wzl b 8% ¢ & Ak o2y

B gzt &R olRER Alol9 4L F
Ag 4 Aok o8 W 700K BAFAE AL
dto] Bl EEols SFHUALEE 900KE #A

i LS B

J——
P

7N

(b) 30° -5d-down

:;é;"n
,/."///'?
G

/ e

(c) 30° -5d-up

Fig.8 Static temperature when Vc/Vm=4/2=
2.

A o 293 A=E & 5 I
35 259uAE g dFdA 2
7t@o] BFHAY. YZAAETFY HIE FF
Ql o]E¥Y o H(entrainment region), JZ}=)
9] ul2 FFIY, 28 AE FFEAHE
Fggoltt. o] JAENA & =A%
& Ful= o]FY & T (entrainment effects)}
FEFS o897 wEoz FHHE
Fig. 9¢ EAZE 30°Y ¢ FIH6GIDE
dEa 7 mE YAEEE RoEt E4
XNg dANA A} A4t 2z F+E L
AT FAeEG YAAHS(HELE 900KAA F
AAA)e] B HrHES & & Utk 5d-H59
7 5d-37 9L YW 2o WAg 5] HojA
o, 30°99d, 30°¢+w, 30° A oz W
E&o] 2 4= ik BEAH)ZE 0.7-5% H el
Ae HHY, 459, 348y  YA4T AUt
2 PWHHe] g F& ¢ F Utk BAH

HE N v of BY
oo rlr <t 12 e

[

=z 00
TH =

A



50

a
o

%3
=3

N
-3

Dimensionless distance, x/d

=)

2
Blowing ratio, V.V,

Fig.9 Dimensionless distance vs. blowing

ratio downstream
geometries at the injection angle of
30° and V,=2m/s when downstream

wall temperature reaches 900K.

for various

7} 5014 U e SEwe Yao RaY
Atk BAY} 037 o) Be) A
270 Wa Ga 582

FFYPEL WAASE AUz

27 A4S B2 ¥ £ o

sy

Ao
30°3}
% A

3

2

>

am =

B BEAH = W34 o 1t
7] 93t FHE2 ms2 FA)
4% £=4< FLUENTS A&
AFSFITE 2 zbe] 9% &
A Bk opet Al s e}
AR Fedoh it 5L
TFoA FTHEY ¥ 7eEe 55
—45“-3‘4 E3 £ 744 A¥H
Z3ss FAIL &% &7
Aol Z ol&d (ntramment)ﬁ_-\—}, &
Ao & AEL FARRE Y, £FET

FEAAM9 713w FY, "’}E%’é}o] o
U g do] Bl Ao A%e Fok oy
£ 239 2L ue= 9 F(bound vortex),
=9} F-(horseshoe vortex)5 9] 3xk9 A 2355
AN Hez 24 ALEE 330 BAE
2 %4z a93E JdS3A gd. A

o
o b i
2 ‘O
o %m
o

N e

o
N
S

U :(o
of

>
2
I-Nof

op

ol e
o ﬁ_‘o
e
o M
S

2

ox iy O n M 1 ok
2 of 4 g [
g2

i

=

ox Jpr

=2
m

il
ey
LIy

)
—|—’

L

oo pd 2 fo > fo o

L_‘lﬂ
Anj

TE
&

A4 5F
a2 aq

o] g3t Yzt FES
%% AN E 9 EAlu]o) 2
FE 2 VAL HA FApH9}
A7t 288 € ARt

() 4= wE HH9 FAZL
o] oj&3ly HAHH| 28 AFE 5l HAHY
A ZE BA) 2 ojddE 157} AW £
Sk Baly] 2 o] T 45°71 A1 FA gk
WZESAGEHRHHELE 900K 7HXY YzHA=)
A BA 45° 30° 15° 60°¢Co 2 Uiyt o
Z} olxAL HWLEL 90KE 7|Fo= AL
Ho] ZAxoln, Yulwe HAHLEE tZj
3 & e 43yt 239 F Aok

2 #FH9 EAwE ITAYGOKHA =B

oo
F=I=1

SNRER

2
B

ot

ANE vlustd Yl ol ZtEolER
A BAAYE 2E Ex7F AU 45°
9} 30°E EAM 4 9, 15° BAE) 3 Y o

Hd dZAAHE 7144, 60°e
A JAAGHAM = &
£ 2 F Uk
G)EAtule) o2 HFo BAlZe]l B
2AH7E 29 wWE dAAEI dxe FARlol
B L E AT 60°s Al9), BAMZE 1%-2
dME EAZE 15°Y w7, AR LeR2
A BAZE30°Y gi7f, A 25014 d de
BEAZ T 45°d wj7t R EU2 = 900K7HA] 9
WA M F& ¢ 7 Uk
) 3FBI e Eay
900K 7t A & F-a-Y

EAREE N

Ztso s Foby

e
3l Agul= w
, 30°HE, 30°45H, 300539 —fr}_o_i 1}
9&914 oy Y3k 3

r,}e;.“ xl-o

© HAe BAAT BAY 28E £5%

o QolM B d7E tha AR Ao, Fy
AAT BANE 223 2E9 P42 @ UE
£ 3ol asth 459% H3A A

& FMo] raEm AP #o] Hyd I



nEH

1Ll

(1) Andreopoulos, JI., 1982, Measurements m a
Jet-Pipe Flow Issuing Perpendicularly
Into a Crossstream, ASME Journal of Fluids

" Engineering, Vol. 104, pp. 493 - 499.
(2) Chen, K. C, Inada, T., and Akiyan, M, 1985,
k Flow Visualization Studies of Secondary
~ Flow Patterns and Centrifugal Instablity in
Curved Circular and  Semicircual Pipes,
in FLOW VISUALIZATION III, ed . W . J .
Yang, pp. 531 - 536, Hemisphere Pub,
Co, Washington.

3) Goldstein, R. J. Eckert, E. R. G., and Ramsey,
J. W, 1968, Film Cooling with Injection
through Holes adiabatic Wall Temperatures
Downstream of a Circular Hole, ASME
Joumal of Engineering for Power, Vol. 89,
pp. 384 - 395,

@ °l53, A7, 2335, 1998, A Z ¥ o]
wg dd HRzE oA /ARG
2 HP3ag 54, dIrAGId=FI A
2238, A0E, pp 1433 - 1444,

(5) °13%, AAH, o|gy, o]F4], 1988, 37z
He BRoAe 242 44 FF 293
A7, UsriAgs =23 Al 64, A3E, pp
1415 - 1427,

(6) G. S. Lee, W. J. Yang, and C. H. Kuo,
1998, Thermal : Stratification and Flow
Stability in Film Cooling with Curved Coolant
Injection, The 11th IHTC, Heat Transfer 1998,
Vol. 6, pp. 547 - 551.

(7) Sinha, A. K., Bogard, D. G., and Crawford, M.
E, 1991, Film Cooling
Down-stream of a Single Row of Holes ‘with
Variable Density Ratio, ~ ASME J. of
Turbomachinery, Vol. 113, pp. 442 <449.

(8) Leiss, C., 1975, Experimental - Investigation of
Film Cooling with Ejection from a Row
of Holes for an Application to Gas Turbine
Blades, ASME Journal of Engineering
for Power. Vol. 97, pp. 21 - 27.

Effectiveness



