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Abstract: Flow and heat transfer in approximate real model of blade channel with lead-
ing-edge was analyzed by numerical simulation at static condition. The results show: three-
dimensional vortices introduced by inclined ribs lead to a great impact on heat transfer in the
cavity. Within one rib height range, vortices after ribs occur in both Y-Z and X-Y cross-sec-
tions, which makes heat transfer coefficients here in decrease. In X-Z cross-section, the
second channel produces a pair of vortices in the opposite direction while the third channel re-
sults in just one vortex. Vortices in these two channels occupy the whole cross-section and
increase flow resistance. The impingement and film flow play a leading role in heat transfer
in leading-edge channel where vortex pair induced by impingement enhances flow mixing and
stimulates heat transfer on suction and pressure sides, while high-speed film flow promotes
this process. In the same flow conditions, average and local heat transfer on ribbed surface
of the second channel perform the best, but the smooth first channel owns the highest com-
prehensive heat transfer performance due to its minimum total pressure drop in all the chan-

nels. With the increasing Reynolds number, local and average heat transfer on suction and
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pressure sides in each channel are enhanced in contrast with little change in the pressure drop

coefficient.

Key words: turbine blade; leading-edge; ribbed channel; impingement cooling; film;

vortices; heat transfer

,Kiml
, Casarsa % PIV
(particle image velocimetry) 90°
, Rau - LDV (laser

Doppler velocimetry) 90°
. Elfert [V PIV

’ ’

.Lee [
180°
) [6-7]
[6]
45° s
[7] 5,
45° .
9000~35500, 13.33 6.66,
s 13. 33
6. 66
1,
Park
(W/H , ) 1/4,1/2,
1,2,4, 90°,60°,45°  30°,
(W/H<1)
(W/H>1) .
(W/H=1/4 1/2), 45°/60°
, [9]
D,=1. 83 cm

Amro M

b

. Taslim Khanicheh

[11]

[12] , Taslim Bethka

b

, Chambers ¥

,Ravelli MV FLUENT
ke
[15] GE-E*
, RNG (renormalization group) k-,

k—w , SST (shear stress transport) k—w

b

SST k-w .



4 . 839

, 2 2
1
1 , 3 1
4 ’ Table 1 Independent test of numerical grid
1,2,3,4 . 1 41. 3mm,
642 mm, 450 mm,
0 0,
121 mm. 1 /% /%
.2 . 60° .3 1 785654
60° . 90° . d= 2 1358441 4.1 10.1
4. 4mm, 2 11, 3 3 1815332 2.3 2.0
12, 5 4
3 . 3,4 17
3
Y )
X

2

Fig. 2 Computational domain mesh and local

amplification of the boundary layer

CFX11.0
, N-S (Reyn-
olds averaged Navier-Stokes, RANS)

! ) ke
Fig.1 Computational fluid domain model of Scalable ’

internal cooling blade channel

; 5%, T,=318K,
6 s 1. 05. s
Y <<10. 1 s 0.0l mm,
s 2 1, 3 2 N T,=303K.
3 2 s 5) s 1

2 , ) Re=31724,



27

840

25379,22207,19034,15862.

90°

@)

Ap

Nuge s

2,3,

2,

1,

4

first,second, third,

fourthl,

N
<
—
—
jm}
O
[t

firstp

31724)

(Re=

3.1

Fig. 4 Flow vector in the middle of the second

=31724)

channel (Re

31724)

N

(R

Streamline in th

(Re=31724)

Fig. 3 Flow vector at the end of the first

cross-section of 0. 7 rib

side (Re

)

Fig. 5

31724)

[

height from pressur

31724)

channel (Re



4 . 841

, 1
. 1 b b
85
) 1.5
6 , XY
b =
’ )
—=—Linel
X . —e—Line2
—a—Line3
2 3 4 5
H'f’(!
8 3 (Re=31724)

Fig. 8 Nusselt number distribution on three lines

behind inclined rib (Re=31724)

6 1.5
(Re=31724) ’ Xz
Fig. 6 Streamline in the cross-section of 1.5 rib 9 ’ 1 ’
height from pressure side (Re=31724) . 2,3
XY , X
.2 ‘

s

3 , Y line 1, i

line 2,line 3, 7.
.
s 3
90° , s

Fig. 7 Line positions behind inclined rib on

pressure side of the second channel

Y (Re=31724)
Fig. 9 Streamline in the cross-section of 47 rib

height from channel inlet (Re=31724)
XY ,



842 27
——Re=31724
’ 30 Re=23379
o Re=22207
, e Re=19034
250 Re=15862 1
20+
EE 1.5F
-
: , 1o} J
10~ 15, N 05} J \J ) L
N 0 L / \f'/
Vi 0 20 40 60 80 100 120
Y iid
, d 13 1
30— Re=31724 Fig. 13 Velocity distribution on row 4 of film holes
--------- Re=25379
25} Re=22207 30
o Re=10034 — Re=31724
201 Re=15862 2.5} - Re=25379
: Re=22207
= 15} ' 20| - Re=19034
= ‘ ] = Re=15862
1.0} “ M | * 151
0.5 | Jl | / =
Al ‘; s 1.0+
0F \’_\/4 J \ L
‘ ) ) ) - ; 0.5+
0 20 40 60 80 100 120 0
id [ . . s
80 100 120
10 1
Fig. 10  Velocity distribution on row 1 of film holes 14 5
1.0 Re=31724 Fig. 14 Velocity distribution on row 5 of film holes
I R v
o=
&3 o Re16 1034 .
= Re=31724
sl Re=15862 351~ Re=25379
: Re=22207
s 3.0t —— Re=19034
SR 55| —— Re=15862
10} =
< 20}
05F 1.5}F
. — 1o}
: : A . . \ i 05k
0 20 40 60 80 100 120 /\/J /\J L(
0 N I I i
ld 0 20 40 60 80 100 120
ld
11 2
Fig. 11  Velocity distribution on row 2 of film holes 15 6
Fig. 15 Velocity distribution on row 6 of film holes
350 Re=31724
30l - Re=25379
= Re=22207 ’
- Re=19034
. -~ Re=15862 ’
.20t ; 0.
=
= 15} s
1.0}
L v |
05F
b
ol
1 1 L 1 1 1 i 9 b
0 20 40 60 80 100 120
Id ’
12 3 3.2

Fig.

12 Velocity distribution on row 3 of film holes




4 843
N 18 19 2 ,
b b
Y ’
b b
.1 s
b
’
160 -
s ’ — Re=31724
140 - l;ge:%g 379
s e=22 207
20F [ &N Re=19034
’ 100 - Re=15862
’ T80 F
16 17, 1 s 60
40|
’
20+
s 3
0 i
, 0 120
b b
; 18 2
Fig. 18 Nusselt number distribution along
the centerline of pressure side
in the second channel
1407 —Re=31724
120 --- Re=25379 180
- oo Re=22207 160 L —Re=31724
- =-Re=19034 - - Re=25379
100 + == Re=15862 140 F oiiv Re=227207
2 s0) e
=100}
60 80 F
a0} 60
; 40 +
20 e
20 40 60 80 100 120 140 160 20 ) ) ) . ) )
Itd 0 20 40 60 80 100 120
Iid
16 1
19 2

Fig. 16 Nusselt number distribution along the

Nu

Fig. 17 Nusselt number distribution along the

130 ¢

110 -

centerline of pressure side in

the first channel

Re=31724
=== Re=25379
o Re=22207
----- Re=19034
==+ Re=15862

17

20 40 60
1/d

1

centerline of suction side in

the first channel

80 100 120 140 160

Fig. 19 Nusselt number distribution along

the centerline of suction side

in the second channel

20 21 s

5, Y-Z



844 27

24 1
120 ¢ .
Re=31724
19¢ - - Re=25379
80F | Remca il —a—First-p  —<— Third—s
o g"::gggi 90 —°—First-=s  —p— Fourthl—p
= 60F i [ —8—Second—p —X— Fourth1-s
= 80 F —v—Second-s  —%— Fourth2—p v
40 70k —o=Third-p  —+— l*'nur&%A
o ol /X?A / "
& .k >
Al L L 1 - : - ! ,r—: 50 : X%Q%E/
0 20 40 60 80 100 120 = wf /ga(;’/// /"
lid - gB=—p— A %
af g %
E q/ﬂ*ét%
20 3 20 ¥ %
Fig. 20 Nusselt number distribution along 10F o : : ; ‘
the centerline of pressure side 43 I 21 24 ol 3 44
Rel10°
in the third channel
22
160 - . o
Fig. 22 Average Nusselt number distribution
140 - Re=31724
--- Re=25379 on each channel surface
20F LN e Re=22207
L == -Re=19034
10 - Re=15862 -
2 sof Foy - v v v
60 L 6F —m— First
F —eo— Second
40 + 5t —a— Third
20l Foe———e + - .
] 4r = . .
0 L L L i ' o [
0 20 40 60 80 100 120 3L —v— Fourth 1
Id i —+— Fourth2
2l & A A k A
21 3 r
1k
Fig. 21 Nusselt number distribution along I = = ™ .
the centerline of suction side 15 18 21 24 27 30 33
5 3
in the third channel Re/10
23
Fig. 23 Total pressure drop coefficients
’ in each channel
22, 4 N
130 o
[ 0
’ 110}
2 5 . 8
] 3 90 | 8 8
’ ’ _ L o First—p +  Third-s
N 2 70f 8 0 First—s P Fourthl-p
; L A Second-p 4 Fourthl-s
23 ’ 1 = 50 L v Second-s | Fourth2—p
, 3 s 4 L ¢ Third-p  — Fourth2-s
1 , , 30+ "
.3 0} g w ¥ ¥
b
1 1 $ 1 @ Il @ 1 1 @ J
’ ’ 15 18 21 24 27 30 33
’ 4 Re/10?
, G 24

Fig. 24 Ratio of average Nusselt number and total

pressure drop coefficient in each channel



845

(1]

(2]

[3]

D s
Y-Z

2) 90° YZ .
3) ,
4) s

Kiml R. Mochizuki S. Murata A. Effects of rib arrange-
ments on heat transfer and flow behavior in a rectangular
rib-roughened passage: application to cooling of gas tur-
bine blade trailing edge[J]. Journal of Heat Transfer,
2001,123(4) :675-681.

Casarsa L.,Cakan M, Arts T. Characterization of the veloc-
ity and heat transfer fields in an internal cooling channel
with high blockage ratio [ R]. ASME Paper GT2002-
30207,2002.

Rau G, Cakan M, Moeller D, et al. The effect of periodic
ribs on local aerodynamic and heat transfer performance of
a straight cooling channel[ ]J]. Journal of Turbomachin-

ery,1998,120(2) :368-375.

[9]

[10]

[11]

[12]

[13]

[14]

Elfert M, Jarius M P, Weigand B. Detailed flow investiga-
tion using PIV in a typical turbine cooling geometry with
ribbed walls[ R]. ASME Paper GT2004-53566,2004.

Lee SW.,Ahn H S,Lau S C. Heat(mass) transfer distribu-
tion in a two-pass trapezoidal channel with a 180 deg turn
[J]. Journal of Heat Transfer,2007,129(11):1529-1537.
Rallabandi A P, Yang H T, Han J C. Heat transfer and
pressure drop correlations for square channels with 45 deg
ribs at high Reynolds numbers[]J]. Journal of Heat Trans-
fer,2009,131(7):1-10.

Giovanni T,Roberto A. Forced convection heat transfer in
channels with rib turbulators inclined at 45 deg[ ]]. Jour-
nal of Turbomachinery,2009,131(2):1-10.

Park J S,Han J C,Ou S,et al. Heat transfer performance
comparisons of five different rectangular channels with
parallel angled ribs[J]. International Journal of Heat and
Mass Transfer,1992,35(11):2891-2903.

Liu Y H,Han J C, Huh M, et al. High rotation number
effect on heat transfer in a triangular channel with 45°,in-
verted 45°,and 90° ribs[ R]. ASME Paper GT2009-59216,
20009.

Amro M, Weigand B, Poser R, et al. An experimental in-
vestigation of the heat transfer in a ribbed triangular cool-
ing channel [ J]. International Journal of Thermal Sci-
ences,2007,46(5) :491-500.

Taslim, M E, Khanicheh A. Experimental and numerical
study of impingement on an airfoil leading edge with and
without showerhead and gill film holes[ ] ]. Journal of
Turbomachinery,2006,128(2) :310-320.

Taslim, M E, Bethka D. Experimental and numerical im-
pingement heat transfer in an airfoil leading-edge cooling
channel with cross-flow[]]. Journal of Turbomachinery,
2009,131(1):1-7.
Chambers A C, Gillespie D R H, Ireland P T, et al. En-
hancement of impingement cooling in a high cross {low
channel using shaped impingement cooling holes[ ] ]. Jour-
nal of Turbomachinery,2010,132(2) .1-8.

Ravelli S, Dobrowolski L, Bogard D G. Evaluating the
effects of internal impingement cooling on a film cooled
turbine blade leading edge[ R]. ASME Paper GT2010-
23002,2010.

LIU Zhao. FENG Zhenping, SONG Liming. Numerical
study of flow and heat transfer of impingement cooling on
model of turbine blade leading edge[ R]. ASME Paper
GT2010-23711,2010.



