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Analysis and control of tip-leakage vortex core stability of turbine rotor
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Abstract: The feature of tip-leakage vortex breakdown and the stability mechanism were
analyzed and summarized using the first-stage rotor blade of GE-E® turbine. The study indi-
cated that: the breakdown of tip-leakage vortex core was caused by vortex’s centrifugal in-
stability; the vortex core expanded rapidly after losing stability and reversed flow was
formed; the vortex core stability depended on two factors: swirling number and reversed
pressure gradient. After that, the control of tip-leakage loss was carried out from the per-
spective of vortex core stability. Calculations show that: moving forward the loading of tip
blade profile can reduce the pressure gradient; employing straight profile on the suction sur-
face after passage throat can directly decrease the profile diffuse factor; and the redesigned
blade by those two methods can obviously weaken the tip-leakage vortex, suppress the insta-

bility of vortex core and decrease the tip-leakage losses.
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Fig. 17 Spanwise total pressure loss coefficient at rotor
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BEBUR ZECY, Wm0 A o T LUF B R
itk P 76 R AILFEL 308 T 36 4 O AR AT B e el T
A s Vi BE % (8 AL I 8 G P 4 5R L 1 B Pullan
N DR TN (D)1= A0 L e a g o o= L
TR 3 O o PRI A DT AL IR 30 A A G D B
IR I AR T O O B s . i — 2B AT
TE T 58 5% I 9 DX ek AL IR 38 38 i ) JE J0RE i i
T ML 2 57 T2 B0 0 E AR T = 5 T EL it T R
AR BIL I SE I 1 TR R A . ) A
80 V0 J [ (o2 LA DX A 1143 - it s 454 2 1y B
ol /1N 3o A 350 B A 2 DX it s 3/ 904 0k 555 9T 5
AL PR 453 2R ol /N 2 L i R A G R B

P18 w7 T e 1 R S B ST A 3 1)
Ao HeH R €0 DX S8R A I 2 i e 9 S [l X ek, AT
L o B 3 A i TR 5 | RS A [0 3 T 0

5553 R P T8 T e A R DX )N o 1D 19 R 4 AR
IO AR TET 94 00 JE 1] (¥ 1t O 98 9 LR B R RAL Y, 43
i = R8T BRI AT LA 2L
I P S 0 A A8 K B8 0 A T R A S A R
P 18) +EL 2 o fi) DAL s B e T 51 A 9 02K SF B IXC
AT B S /0 (DX 3T R s DR A N e T
B AR T S5 A0 2R D /N B DR UG I BE A D)
DR ¥t T e T A TG 75 1 S ) Bl 45 2

Reversed flow_ Streamwise velocity/(m/s)

1Al

600
520
(a) Baseline

440
360
280
200
1 20

(b) reDesign

e 18 e R 4 R IE Y Ui 1) B BE 43 AR (R 4% )5 0. 05C,)
Fig. 18 Streamwise velocity distribution near rotor

trailing edge (0. 05C, behind trailing edge)

i Baseline
S -
it

Vorlex core region

—
~ 3 F
— Baseline

- ngs]un

\
1
1
‘-
.
Y

X
A B

0 : :
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25
/(%)

P19 il I8 P BT A0 2 2R B A (94 00 T 1))

Fig. 19 Total pressure loss coefficient in tip-leakage

vortex (94% span)

3.3 itimmIREEXT
P 20 Fp o it i 0 i A i T 16 R R R
UL KW I VI 1 oA, SIS A EE L T
P P2 Y e 164 169 2% PAY ) [ 3T DXl P A8 /s o T
21 g i T M A B AR X B . 5
P75k AT DL S B ik T O 16 R AR R ) i
7 50 XS P S 0 o g A 8 X B0 {1 )
Pl 22 F ittt U 164 b A B ST 90 £ ) T 0 A
BB T A BE A T 0. 86C, I R E
0.96C, . [N, 8 o -2 i Y 972 iy T A% A1
T e 7 B L I B R A B P I G - O i T T



2148 fii =

DA

% 33 &

Wall shear/Pa
[ e

o — ]
0 150 300 450 600 750 900 I0501200]3301300
Leakage vortex £

Reversed flow

20 2k P 6 16 A I 4R

Fig. 20  Streamline of tip leakage vortex core

Relative Mach number
| . | _
0 0.2 0.4 0.6 0.8 1.0

Pl 20 33 5 A2 0 B T A X D 5 A 2 T (92 90 J o))

Fig. 21 Relative Mach number contour near leakage

vortex core (92% span)

600 - R s A
I Vortex breakdown 11

i:i

400 F

300 F

200

Streamline velocity/(m/s)

—— Baseline
L reDesign
0 - 1 i 1 I i P T T S |
0.2 0.4 0.6 0.8 1.0 1.2

XIC,

22 I R I A% 0 T 2R TR B A3 AT
Fig. 22 Streamline velocity distribution on leakage

vortex core
AN FRE TEAS ) 1 A Ry d i
4 &

1) 7Emg Iy Tl R 4530 AR FE AR I T - i AR %
3 A P T O I 9 AR T RE R AR R . R
R B4R I 1 3 A% DX I PR T R 6 30 A e A

K S 5 S T R — A Y T3

2) Wi P I T A% )RR R B D AR RS E
P IR T T R ) W PR A 3 A
PRI . B T O b ] T 30 A JRe o T it 3 ot L R A% N
SUIDESE Y03y NP B VL 4 o B I N P B 1
T3 36 451 2 AT LA DA 98/ b s A S S R A
JEPAS T %

3) %S e i Y A far () FT RS L 0T LA O AR
I % T A 3 A0 A o AR i AR I 3R T R R 43
A7 o PTI98/ I 20 T] 2 P P9 6 ) . 3 6 5 W ) T
W A Y 2R T B, AT AP TE W g T R S S T B0
A ALY R AL

4) W2 AU Y 171 i Ji RS I T 0 S A
VLI RYZR A0 L P A8 Jit » I 8% A7 250l 9 20 i 2 itk
T Tt it et R S Y R R SE S Y O R 1) B A L DT
AN R R A N A W < Al W A e e R e A
SR L AR ) B A T U O RN 3. 5300, BUTER
PR/ 4. 3900 T EHOR 1T 0. 200,

SZ 3k

[1] BOOTH T C. Importance of tip clearance flows in turbine
design[ R]. Von Karman Instite, VKI LS 1985-05,1985.

L 200 ot o F R 58 W i AL B L 401 2 A58 0 % s o) 4 AR F 5%

[DI. PG % . PE 4k Tl K2, 2009.
SUN Dawei. The investigation of secondary flow mecha-
nism,loss model and control technique for high pressure
turbine[ D]. Xi’an; Northwestern Polytechnical Universi-
ty»2009. (in Chinese)

[37] DENTON J D. The 1993 IGTI scholar lecture:loss mecha-
nisms in turbomachines[ J]. Journal of Turbomachinery,
1993,115(4) :621-656.

[4] PULLAN G,DENTON J,CURTIS E. Improving the per-
formance of a turbine with low aspect ratio stators by aft-
loading[ J]. Journal of Turbomachinery,2006,128(3):492-
499,

[5] RAINS D A. Tip clearance flows in axial flow compressors
and pumps[ D]. Pasadena, California; California Institute of
Technology,1954.

[6] BOOTH T C,DODGE P, HEPWORTH H K. Rotor-Tip
leakage:Part 1 basic methodology[J]. Journal of Engineer-
ing for Power,1982,104(1) :154-161.

[ 7] SJOLANDER S A. Overview of tip-clearance effects in axi-
al turbines[ R]. Von Kareman Institute, VKI LS 1997-01,
1997.

[8] #k,Dwak, TAEA, 5. % 7 LA 2R 18] B3 3h BF 5% 1Y)
HEFELT]. 353k, 2001,31(1) :70-83.

YANG Ce,MA Chaochen, WANG Yansheng, et al. A re-
view of studies on turbomachinery tip gap leakage flow
[J]. Advances in Mechanics,2001,31(1):70-83. (in Chi-

nese)



5919

B A A - T B T 1 I I T G e i A A E A A A

2149

L9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

[23]

BUNKER R S. A review of turbine blade tip heat transfer
[J]. Annals of the New York Academy of Sciences, 2001,
934(1) :64-79.

BINDON ] P. Pressure distributions in the tip clearance re-
gion of an unshrouded axial turbine as affecting the prob-
lem of tip burnout[ R]. ASME Paper 87-GT-230,1987.
SJOLANDER S A.AMRUD K K. Effects of tip clearance
on blade loading in a planar cascade of turbine blades[]J].
Journal of Turbomachinery,1987,109(2) :237-244.
YARAS M, SJOLANDER S A. Development of the tip-
leakage flow downstream of a planar cascade of turbine
blades: vorticity field (R]. ASME Paper 89-GT-55,1989.
MOORE J,TILTON ] S. Tip leakage flow in a linear tur-
bine cascade[ ] ]. Journal of Turbomachinery, 1988, 110
(1):18-26.

HEYES F J] G, HODSON H P. Measurement and predic-
tion of tip clearance flow in linear turbine cascades[]J].
Journal of Turbomachinery,1993,115(3):376-382.
YAMAMOTO A. Endwall flow/loss mechanisms in a line-
ar turbine cascade with blade tip clearance[ ] ]. Journal of
Turbomachinery,1989,111(3):264-275.

YAMAMOTO A. Interaction mechanisms between tip
leakage flow and the passage vortex in a linear turbine ro-
tor cascade[ ] ]. Journal of Turbomachinery,1988,110(3)
329-338.

SCHLECHTRIEM S, LOTZERICH M. Breakdown of tip
leakage vortices in compressors at flow conditions close to
stalllR]. ASME Paper 97-GT-41,1997.

FURUKAWA M,INOUE M, SAIKI K, et al. The role of
tip leakage vortex breakdown in compressor rotor aerody-
namics[ J]. Journal of Turbomachinery,1999,121(4) :469-
480.

DAY 1]. Stall,surge,and 75 years of research[ J]. Journal
of Turbomachinery,2015,138(1):11004.

WU Y,LI Q, TIAN J, et al. Investigation of pre-stall be-
havior in an axial compressor rotor: Part | unsteadiness
of tip clearance flow[ J]. Journal of Turbomachinery,2012,
134(5):51027.

255 T 2 P it Tk A 8 45+ B R R BORBF 9T D]
P . 54 Tl k2% . 2008,

LI Wei. Investigation of tip clearance flow structure and its
control technologies in axial flow turbine [ D]. Xi'an:
Northwestern Polytechnical University,2008. (in Chinese)
A T B VR IR R TR S I 2 R B T I 3 AN A E 1 2
[J7J. #eah 45 A 2008, 29(2) : 204-207.

LI Wei, QIAO Wei Yang, XU Kaifu. Unsteadiness of tip
clearance vortex in turbine[ J]. Joural of Propulsion Tech-
nology,2008,29(2) :204-207. (in Chinese)

BINDON J P. The measurement and formation of tip clear-
ance loss[ ] ]. Journal of Turbomachinery, 1989, 111 (4):
257-263.

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

HUANG A C,GREITZER E M, TAN C S, et al. Blade
loading effects on axial turbine tip leakage vortex dynamics
and loss[ R]. ASME Paper GT2012-68302,2012.

HUANG A. Loss mechanisms in turbine tip clearance
flows[ D]. Boston: Massachusetts Institute of Technology.,
2011.

A R VFIRHE A5 16 I T ORS 3  F 4 2R 1Y R
ML) . fi2s 24,2014, 35(5) 1 1257-1264.

GAO Jie,ZHENG Qun, XU Tianbang, et al. Effect of tip
leakage vortex breakdown on losses in axial turbines[ ]].
Acta Aeronautica et Astronautic Sinica,2014,35(5):1257-
1264. (in Chinese)

STAUBACH J B, SHARMA O P,STETSON G M. Re-
duction of tip clearance losses through 3-D airfoil designs
[R]. ASME Paper 96-TA-013,1996.

TIMKO L P. Energy efficient engine: high pressure turbine
component test performance report[ R]. Cincinnati, Ohio:
General Electric Company , Aircraft Engine Group,1984.
BRAR TR . e O o7 R HE i DX A A R AL S0 LB % 45 2 4 I BT 5
[DJ. P42 : F5AL Tl k%, 2016.

WEI Zuojun. A study on the endwall unsteady flow and
loss of highly-loaded turbine [ D]. Xi’an: Northwestern
Polytechnical University,2016. (in Chinese)

SELL M. TREIBER M. CASCIARO C., et al. Tip-clear-
ance-affected flow fields in a turbine blade row[ ] ]. Pro-
ceedings of the Institution of Mechanical Engineers, Part
A:Journal of Power and Energy,1999,213(4) :309-318.
YANG D L,FENG Z P. Tip leakage flow and heat transfer
predictions for turbine blades[ R]. ASME Paper GT2007-
27728,2007.

AMERI A A,STEINTHORSSON E,RIGBY D L. Effects
of tip clearance and casing recess on heat transfer and
stage efficiency in axial turbines[]J]. Journal of Turboma-
chinery,1999,121(4) :683-693.

BEHR T. Control of rotor tip leakage and secondary flow
by casing air injection in unshrouded axial turbines[ D].
Ziirich: ETH Ziirich,2007.

TANG H,LIU S,LUO H,et al. Unsteady effects of pro-
filed endwalls on a 1. 5 stage axial turbine[R]. ASME Pa-
per GT2015-43871,2015.

HALL M G. Vortex breakdown[]]. Annual Review of
Fluid Mechanics,1972,4(1) :195-218.

HALL M G. The structure of concentrated vortex cores
[J]. Progress in Aerospace Sciences,1966,7:53-110.
HALL M G. A new approach to vortex breakdown[ C] //
Proc. Heat Transfer Fluid Mech. Inst. San Diego: Universi-
ty of California,San,Diego,1967:319-340.

DARMOFAL D L,KHAN R,GREITZER E M, et al. Vor-
tex core behaviour in confined and unconfined geometries:
a quasi-one-dimensional model [ J]. Journal of Fluid Me-

chanics,2001,449.61-84.
(B8 F 54





