eriAes] =83 B, 427 #1235, pp. 1655~1666, 2003

Key Words :

s
=

59 SANAGNA 42 T8 53 A AL

35 29 4% %7

ol & 3" uf x o

003d 39 79 H4,2003 10 Y 24 2 HAIEE)

Performance Assessment of Turbulence Models for the Prediction of
Tip Leakage Flow in an Axial-Flow Turbomachinery
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1t is experimentally well-known that high anisotropies of the turbulent flow field are dominant inside the
tip leakage vortex, which is attributable to a substantial proportion of the total loss and constitutes one of the
dominant mechanisms of the noise generation. This anisotropic nature of turbulence invalidates the use of the
conventional isotropic eddy viscosity turbulence models based on the Boussinesq assumption. In this study, to
check whether an anisotropic turbulence model is superior to the isotropic ones or not, the results obtained
from the steady-state Reynolds averaged Navier-Stokes simulations based on the RNG £-& model and the
Reynolds stress model (RSM) are compared with experimental data for two test cases: a linear compressor
cascade and a forward-swept axial-flow fan. Through this comparative study of turbulence models, it is
clearly shown that the RSM, which can express the production term and body-force term induced by system
rotation without introducing any modeling, should be used to predict quantitatively the complex tip leakage
flow, especially in the rotating environment.
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Fig. 1 Traverse measurement point distribution for a
linear compressor cascade

Table 1 Geometry specifications and flow conditions
of a linear compressor cascade

Aspect ratio 1.0
Blade type NACA65-1810
Blade chord 200.0mm
Pitch 180.0mm
Solidity 1.111
Reynolds no. 3.0x10°
Stagger angle 10.0°
Blade angle (inlet) 32.5°
Blade angle (outlet) -12.5¢
Flow angle (inlet) 29.3°
Flow angle (outlet) -2.5°
No. blade 7

Tip clearance size 2.0mm
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Table 2 Geometry specifications and flow conditions
of an axial-flow fan

Blade type circular arc
Blade design free vortex
Hub radius 40.0mm
Tip radius 113.5mm
Max. blade thickness 3.0mm
Sweep angle 42.5°
Flow angle (outlet) 60.5°
Rotational speed 1500rpm
No. blade 3

Tip clearance size 5.0mm

(a) Front view (b) Side view
Fig. 2 A schematic view of a test fan

Yo
o |
[ |
[ 1
(BRI t
[ t
Vol |

[
[
( (3]
| [
| [
| U

[

212019181716151413121110

S8

( Dimension : mm )

Fig. 3 Measurement positions
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Table 3 Model constants for RNG k-£ model

C, Ci G Ok G B )
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Fig. 5§ Grid system for a linear compressor cascade
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Fig. 6 Grid system for an axial-flow fan

Table 4 Summary of the investigated grid topology

Test Total I\;(:iﬁntsd ls{;::l]gg?:
Models | Comfiguration | grid s | the tip
points
clearance clearance
Type C-1 215218 7 Uniform
Clustered
Linear Type C-2 164304 7 at the walls
Cascade Same as
Type C-3 246786 7 Type C-2
Same as
4
Type C 481456 1 Type C-2
Clustered
Axial-Flow Type A-1 131223 S at the walls
Fan Same as
Type A-2 205530 5 Type A-1
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(c) Position 7

Fig. 17 Distribution of the normalized streamwise vorticity inside the blade passage: (from the left column)
exp.; RNG k-¢; RSM (type A-1); RSM (type A-2)

Fxg 16 & ZdAoczRy dF wgoz 20°
o=z 9 ]f?_ A9 Z}i‘?i ‘::}ES_OM et
——*.—E contour £ YeElith Fwd &£xo 777}
29 e JXE AL FHoz AT F
12 4% 9 RSM 9l «laﬂ dE&% Ao ol
A~C oﬂ/R-1 -E'-a}]o]__ ‘I‘L. L}‘]oﬂ -,‘]2]5]'.__ "T‘)g.
dFe ARG Baoj=olA A Aol AT
A ol Fo oA TAEE dFE dFdAAM &
°‘El: 23 §%5o] |4 blockage = &3}
Hoy, 2xxoz g 54 oF o R4
a7t & g4do] EAsA "ok 48 279 v
WA RSM & RNG kg B@o] B34 4 79
24 93 2 2712 AFHoz sesan,

Fig. 17 € #Z WHolA 2 9= Ag=e F
Adstg F4 0 gxe BEE ek
v =2 ®
20 |

A71M s wE 2474 FUFEAZY g4x= 9
Ei %l %EH*E 45 E UrEME} L9 A7E 7t
fﬂ%il‘f—ﬁi B2 AL AA e
< U, RSM o oA o5
€ °’\‘i ""‘E} 9}5-4 BExE A8y & dAse
Wt RNG ke 222 thd 3ol & e &
#H RSM 9 A% Az ¥ At Aol &
o0E AL vAA Fu

e

-20 —

F 1] Exp.
3 A RNGk-&
I [} RSM
15 °©
L s m
L [
g e )
a ® oo
A s
&
S A
A
&
0 [ 1 1 1 1 1 j

0 0.1 0.2 03 04 05 06

XIC,

Fig. 18 Axial variation of streamwise vorticity near the
center of tip leakage vortex

Fig.18 & o 4 ofe] FAodA Fadstd
FA4 B gz w3 ¥sE Yedid. Ed
ol FdZoZ APstAA Ak FA %E +
=27}o] o7t & 57 §E7 A AT ZL,
Aol BASTH 4z HAE R *&%t‘& EME
gl o9 FE FY EWOE Asl =
Ha1Hog A8tk RSM ol 93iA 45
A g gx A3 AgUS AFHeE 2
X% ¥ RNG ke 292 9% 37E i F
A A&&FAT o]Re T4 oF FZolA RNG
ke 229 FEF GYE JEoz % {5 &
Akl A W Fdr}

ol o] MG AAEE FTHARLTE FH?

)
o 2 ¢

vrﬂ
050 &

ol
El
of F

o
Jo



EFY FAZAAA A

AANANY 9 T4 94FE FFH
'—‘:ﬂ 2ol A Boussinesq 7FA ol 712
F 2o visjA RSM o] AdiEd §
A dEdroeE A A BE}A =
olf g o]FF9 st FHYy HS 3
Fgol dF T ¥IE BT dd F4
o 43e FdFS "|A7] wFd Ao
;2]’] e S 2L EYeA f€n
331@' T = RSM ©] 9—‘»‘4 l‘r’g 3

¥ ol fu

o
don

o 1
JZ(ﬂJ:l°r3i?=¥°3‘-FL—?L‘

5. 2 B

2 dFdAae FAZA A R &%
od ZAY F|A0] Je 9d FA FFY =
7gal:24 oz _4.01—5}7] ~,_] 1(_}.“_ E_cﬂ_,] /lé%“
£ A% 4F71 949 2 A% /Y d o
¢8§8P‘i“xgt=l, g e ZEE U

() A% 4=7] 989 4§, RNG k2923
RSM © &&lA d&E 4 HAAges duizdoez
BOE a7t RAHA @t oL g o
dol & % e E sutelx @7] w7 S
A dH raze g9 §5FS o= Ax s
@ T FEoZ S F -r R7] ol

(2) A& £FY W9 H$, RSM o] gt F4
9lgo A=A ;1 FEE RNG ks 290 BlajA]
Aoz Z Botstged), ojest ad= A
] ol A 9] %‘E* FA 4R ALAl RSM o] #Hole
Z g9 g "%% AaoA BT 2L s)de
B EAYE =YstA @u 7*32.16}711 o] &
F Q7] ol ARHoz &Ho2 A=
EdolmoM o w4 F59 HFHUA HML
AdiMe e FFo] nad vePN GF =
o] Al-go] P4A ot}

E ATE BoiA €olzl AnEd T4 9570

JgalA FEE 28 T dAUYEFS

AMEA ALY dd 4 FF5 Ao 71He e

AE A 7123FQ =FE AMEo shed
o2 yorgEh

2 oF ox it
2 N e ok

=
2 d7e 71447 Y "HEAA matching &
3 Impeller W #% 3]4” A £ BK 219
Yoz o FHGFYTL]H
ZHoEs

(1) Dunham, J. and Meauze, G, 1998, “An AGARD
Working Group Study of 3D Navier-Stokes Codes

T4 HF A4e A9 ¢F 22 45 3o

1665

Applied to Single Turbomachinery Blade Rows,”
ASME 98-GT-50.

(2) Inoue, M., Furukawa, M., Saiki, K. and Yamada, K.,
1998, “Physical Explanations of Tip Leakage Flow
Field in an Axial Compressor Rotor,” ASME 98-GT-91.

(3) Lee, G H. and Baek, J. H., 2002, “A Numerical
Study on the Structure of Tip Clearance Flow in a
Highly Forward-Swept Axial-Flow Fan,” ASME-
European Conf. on 6th Int. Symp. on Advances in Num.
Modeling of Aerodyn. and Hydrodyn. in
Turbomachinery, Montreal, Canada.

(4) Lee, G H, Baek, J. H. and Myung, H. J., 2003,
“Structure of Tip Leakage Flow in a Forward-Swept
Axial-Flow Fan,” Flow, Turbulence and Combustion
(in press).

(5) Kang, S. and Hirsch, C.,, 1996, “Numerical
Simulation of Three-Dimensional Viscous Flow in a
Linear Compressor Cascade with Tip Clearance,”
ASME J. Turbomachinery, 118, pp. 492~505.

(6) Myung, H. J. and Baek, J. H., 1999, “Mean Velocity
Characteristics behind a Forward-Swept Axial-Flow
Fan,” Int. JSME (B), 42, pp. 476~488.

(7) Myung, H. J., 1999, “An Experimental Study on the
Tip Region Flow in an Axial-Flow Fan,” Ph. D. thesis,
POSTECH, Korea.

(8) FLUENT, 1998, User’s Guide Ver.5, FLUENT Inc.

(9) Lee, G. H., Baek, J. H. and Myung, H. J., 2002,
“Structure of Tip Leakage Flow in a Forward-Swept
Axial-Flow Fan,” Proc. KFMA, Seoul, Korea, pp.
131~136.

(10) Lee, G H. and Baek, J. H,, 2002, “Numerical
Analysis of Internal Flow through Impeller for
Matching Turbocharger,” Final Report, KIMM.

(11) Yakhot, V. and Orszag, S. A. 1986,
“Renormalization Group Analysis of Turbulence. I
Basic Theory,” J. Sci. Comp., 1, pp. 3~51.

(12) Launder, B. E. and Spalding, D. B., 1974, “The
Numerical Computation of Turbulent Flows,” Comp.
Methods App. Mech. Eng., 3, pp. 96~116.

(13) Gerolymos, G. A., Neubauer, J., Sharma, V. C. and
Vallet, I, 2002, “Improved Prediction of
Turbomachinery Flows using Near-Wall Reynolds-
Stress Model,” ASME J. Turbomachinery, 124, pp.
86~99.

(14) Medic, G and Durbin, P. A., 2002, “Toward
Improved Prediction of Heat Transfer on Turbine
Blades,” ASME J. Turbomachinery, 124, pp. 187~192.

(15) Kirtly, K. R., Beach, T. A. and Adamczyk, J. J,,
1990, “Numerical Analysis of Secondary Flow in a
Two-Stage Turbine,” ATAA-90-2356.

(16) Storer, J. A. and Cumpsty, N. A., 1991, “Tip
Leakage Flow in Axial Compressors,” ASME J.
Turbomachinery, 113, pp. 252~259.

(17) Basson, A. H. and Lakshminarayana, B., 1995,
“Numerical Simulation of Tip Clearance Effects in
Turbomachinery,” ASME J. Turbomachinery, 117, pp.
348~359.

(18) Gupta, A., Khalid, S. A., McNulty, G. S. and Dailey,
L., 2003, “Prediction of Low Speed Compressor Rotor



1666

Flowfields with Large Tip Clearances,” ASME GT-
2003-38637.

(19) ICEM-CFD, 2002, User’s Guide Ver4.2, ICEM
CFD Engineering.

(20) GAMBIT, 1998, User’s Guide Ver.1, FLUENT Inc.

(21) Van Zante, D. E., Strazisar, A. J,, Wood, J. R,,
Hathaway, T. H. and Okiishi, T. H., 2000,
“Recommendations for Achieving Numerical Simula-

o] ¥ 3

-8 oA E

tion of Tip Clearance Flows in Transonic Compressor

Rotor,” ASME J. Turbomachinery, 122, pp. 733~742.

(22) Inoue, M., Furukawa, M., Saiki, K. and Yamada, K.,
1998, “Physical Explanations of Tip Leakage Flow Field in
An Axial Compressor Rotor,” ASME 98-GT-91.

(23) Lakshminarayana, B., 1986, “Turbulence Modeling for
Complex Shear Flows,” AIA4 J., 24, pp. 1900~1917.



