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Numerical Study of Flow and Heat Transfer on Miniature V
Rib-Dimple Composite Structure in Turbine
Blade Internal Cooling

RAN Shuang-ye, ZHANG Peng, RAO Yu

(School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: To enhance the heat transfer performance of the internal cooling channel in turbine blades, min-
iature V rib—dimple composite structures were arranged on one side of the rectangular channel in which the ef-
fects of various rib heights and dimple depths were investigated on heat transfer characteristics and flow struc-
tures. Abe Kondoh Nagano(AKN) k—& turbulence model was utilized for the numerical simulation. Results show
that when dimple depth remains constant, the heat transfer augmentation increases as rib height increases. When
rib height remains constant, the heat transfer first increases significantly and then less obviously as dimple depth
increases. And the optimum structure, whose average Nusselt number is separately 87.1% and 52.8% higher than
that of the pure dimple or V-rib structure, is obtained when the rib height is 3 mm and the dimple depth is 6 mm.

It is evident that by arranging a miniature V rib in upstream of every dimple, the turbulent kinetic energy of the
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fluid passing over the V rib and rushing down into the dimple is enhanced, thereby reducing the recirculation

zone at the front of the dimples. Simultaneously, the interaction between the vortices from V rib and inside the

dimple enhances the overall momentum and heat transport of the flow field, which contributes to not only a uni-

form heat transfer distribution in the channel but also significantly higher heat transfer than that of the pure dim-

ple or V rib structure.

Key words: Turbine; Blade; Cooling; Heat transfer; Flow field structure; Numerical simulation
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A“/m2 Cross section area of the channel P/m Channel perimeter

AR Channel aspect ratio P\/m Streamwise spacing

d/m Dimple print diameter P,/m Spanwise spacing

D, /m Channel hydraulic diameter =44 /P Pr Prandtl number

e/m Rib height qIW Heat flow rate

f Friction factor Re Reynolds number

E/ m’/s?) Turbulent kinetic energy T, /K Inlet fluid temperature

T Friction factor based on Blasius formula in a smooth channel T /K Outlet fluid temperature
R/(W/(m*+K)) Heat transfer coefficient T /K Wall temperature

H/m Channel height AT /K Logarithmic mean temperature difference
L/m Length of the test section TP Overall thermal performance factor
Nu Local Nusselt number u/(m/s) Bulk mean velocity

Nu Spanwisely averaged Nusselt number w/m Rib width

Nu Globally averaged Nusselt number W/m Channel width

ﬁmm] Globally averaged Nusselt number based on the projection area 8/m Dimple depth

Nu, Nusselt number of the smooth channel A(W/(m+-K))  Fluid conductivity

Ap/Pa Pressure drop
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(a) 60° angle rib-multiple dimples!®
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(b) 60° angle rib-multiple dimples/protrusions!!®!
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(¢) 90° rib-two dimples/protrusions!'!!
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(d) 45° V rib-several dimples!'?!
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(¢) 45° VG-multiple dimples!’™
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(f) 45° miniature V rib-single dimple

Fig.1 Schematic diagrams of channels featuring ribs and dimples

Table 1 Studies on channels featuring ribs and dimples

Rib-dimple composite structures AR elD, Pile é/d Re Reference
(a) 60° angle rib—multiple dimples 2,4 0.09,0.15 10 0.191 3x10*~5%10* [9]
(b) 60° angle rib—multiple dimples 2 0.094 10 0.22 3x10*~7x10* [10]
(¢) 90° rib—two dimples 1 0.065 19.23 0.2 1.25%10* [11]
(d) 45° V rib-several dimples 1 0.125 16 0.3 1.95x10%~6.9x10* [12]
(e) 45° VG-multiple dimples 2 0.5 50 0.25 167~834 [13]
(f) 45° miniature V rib—single dimple 6 0.015~0.0625 8.64~36 0.1~0.3 5.05x10* This work
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Fig. 2 Schematic diagram of a turbine blade and the
reduced model of the internal cooling channel (and also a

test plate with miniature V rib-dimple composite structure)
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Fig.3 Computational model and the schematic diagram of miniature V rib-dimple composite structure (mm)
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Table 2 Main design parameters of the composite structure

Parameter Value
Channel height H/mm 20
Channel hydraulic diameter D, /mm 40
Streamwise spacing P /mm 21.6
Spanwise spacing P,/mm 25
Print diameter d/mm 20
Dimple
Depth—diameter ratio 6/d Variable
Width w/mm 1
V-shaped rib
Height e/mm Variable

Table 3 Test cases

Case Rib height e/mm Dimple depth 8/mm
1 - 4(0.2d)
2 1.5(0.0375D,) -
3a 1.5(0.0375D,) 2(0.1d)

3b 1.5(0.0375D,) 4(0.2d)
3¢ 1.5(0.0375D,) 5.2(0.26d)
3d 1.5(0.0375D,) 6(0.3d)
4a 0.6(0.015D,) 4(0.2d)
4b 1(0.025D,) 4(0.2d)
4c 1.5(0.0375D,) 4(0.2d)
4d 2(0.05D,) 4(0.2d)
de 2.5(0.0625D,) 4(0.2d)
4f 3(0.075D,) 4(0.2d)

22 HEAIE
(DFIEMIA K T HAAE D, (m)E LR
44, 4awH
D= = ) (1)

A, PO AR T 3 B e A S R WL H

18 B8 FE 5 8 B 5 PRAS SR R0 30 S AT A AL
SHBER NS < i W N R L S B R G SU R S L U W
P 5 38 38 7K J) B AR D,=2H .

(2) X F 38 18 PN A 45 JAUI B0, AR SR T 5 20 %%
FEIREL Nu RAE 7 LN

hfh (2)

XA HFAR FIAEE(W/(m-K)) ,h N
Pt R

Nu =

q
h=—— 3
AT (3)

g ARV T v I =TT R 254 ) 2 T i
T T A ST 3 AR B (W/m?) |, AT, o F 35 34
2.

AEZ(R—KJ%R—EM (4)
n[(T, - T, ONT, - T,)]

Aorp T, e AR T IR BE (KD B 318K 7,y I it
By R i 1R B (KD, T, o s B R R
(K)o

Y A M PE U A2 G A R G T Y R AR BE
G138 785 KR B 1Y) Nu, 47 X6 EL, ol i 3 3
] Nuo};’glﬁf i1 Dittus—Boelter 22 % 3¢ & T4 15 5

Nu, = 0.023Re* Pr’* (5)

(3)XF F & & 45 ¥ 38 38 14 3t B B, A< SR EE
PR F I LLSRAE , OF LA f1f, B0 T F 5% 405 ¥ 5 0 19 3@ 3
N T8 43 & R BB ) JEE 4 DXL 1) B AL S DA A o

JEE 8 IR 1 5 LRy

f:

Ap
(L/D,)(1/2pu*)

i Ap g IR B A A 1R g (Pa) 5 1 H1 R A
(Pa) I 22 {8, p o 8 18 PN U AR %5 B (kg/m*) , L 2R 13 B
A (m) o

(6)

200626-4



Fa3% HsH e it

oK

2022 4

M7 ' W 3 38 78 43 & R B Y BE 82 X 7 1 il Blasius
2255 R R A F

£, = 0.316Re™*™ (7)
(4) 7 SCH I8 255 e ] 5
ﬁ(otal/Nu()
=7m (8)
(fife)"”

St Va2 5 T4 1T B 85 5% R B
23 iR EMIEESIEIE

T e R TN A G 4 A 2 T I B R AT B
15 0L, AR SCHEE T % H T B8 3 i ) O s 19 SCHER
[15] i) AKN B A 5 S0k [ 16] 0 1Y o7 k- £ HY, DL
Fe SCHR L8] H A 3 F000 1Y B¢ PN 3 8h 1Y k- Standard 5
R AT T DL ASE 2 B9 IE

HoAr, Ll Case 4a (il 5 0.6mm . M1 [ % 4mm) Ky
B, AKN 5 R 7E 5 3 50 1.87x10°~6x10* i} 5 2 2%
MR L4 ] iy 52 90 45 R I 22 29 8% ; H W it 8L
5.05x10* i+ 315 51 1 5 43 45 #2114 2843 A 4 s
HBESW LR W) G (WLE 4~6) o 1 0’f k—& B
TR AR AR R 22 N L BT SRy 0 e R B AR 0L A 25
X S PR R AR T BB R A SCk [ 17 ) 4, Abe
Kondoh Nagano k—e 5% 8 75 45 il J5 F2 09 97 #5 5 £ v
A T iRy RS 57 TV BRI, F ik
FIJi 90 T B S W IEAE k—e 7 B2 P 25 B8 R BE T B
I VK 30 30 Be i AR RS 1) Sk I . ZE AT, AKN
BERVAE X2 58 A S5 W BT O B AR fe 2 B
e A7, AHURE L 22 T G BEORG v A R 0 AR B B S
FFIPH- B o A, SCCRE HE B T 1M P O B, AR &
P H .

2.8 | ® Experiment data!'!
261 © AKN k-¢ model
| & v¥fk-e model
24} a k-o standard model
<22 = ° *
= | |
IE01 8 2 et
18 o B .
1.6 & A a a
1.4
1.2 { I |
2x10* 3x10°  4x10* 5x10* 6x10°
Re

Fig. 4 Comparisons of wetted-area averaged Nu IN u, for

case 4a from different turbulence models and experiment

changing with Re
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models and experimental data at Re=5.05x10" for case 4a

o

Pure dimple (e=0mm)

V rib-dimple (e=1.5mm)
(b) Experimental data from transient liquid crystal thermography!*!
Fig. 6 Comparisons of CFD (AKN k-¢ model) and
experiment"* results of local Nusselt number distributions
for case 1 and 3b at Re=5.05x10*
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Fig. 7 Boundary conditions
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Fig. 8 Numerical mesh of the fluid domain corresponding

to V rib-dimple structure
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Table 4 Grid independence check

Grid 1 2 3 4
4.5%10° 8.8x10° 1.5%10° 3.0x10°

Grid number
m/NuU 3.05 2.94 2.83 2.81

Relative error of Nu INuy/%  8.54 4.62 0.71
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Fig. 9 Streamlines and local Nusselt number distribution on structured surface
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(e) V rib-dimple (e=2.0mm)

(f) V rib-dimple (e=2.5mm)

(g) V rib-dimple (¢=3.0mm)

Fig. 10 Local Nusselt number distribution of structure with V rib and 4mm-deep dimple (6/d=0.2)
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1/2) for the V shaped rib-dimpled surfaces with different rib
heights at Re=5.05x10*
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Fig. 12 Streamlines and turbulent energy distribution in the central section (y/P,=1/2) of composite structure
with V rib and 4mm-deep dimple (6/d=0.2)
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Fig. 13 Local Nusselt number distribution of structure with
1.Smm-high V rib and dimple
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Fig. 14 Streamlines and turbulent energy distribution in

the central section ()/P,=1/2) of composite structure with
1.5mm-high V rib and dimple
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Fig. 16 Comparisons of the Nusselt number ratio and the friction factor ratio of V rib-dimpled channels
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