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Influence of Upstream Disturbance on Vortex Rope Evolution
and Pressure Fluctuation in Draft Tube
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(1. Faculty of Civil Engineering and Mechanics, Kunming University of Science and Technology, Kunming 650500, China
2. Department of Energy and Power Engineering, Kunming University of Science and Technology, Kunming 650093, China)

Abstract. Draft tube vortex is a sign of flow instability of Francis turbine, and even leads to unit fatigue
failure in serious cases. In order to accurately capture the transient turbulence characteristics of fluid flow
in draft tube under different working conditions, the newly developed Liutex vortex identification method
was used to capture and compare the draft tube vortex rope based on slip grid technology and SST k — w
turbulence model. The influence of upstream disturbance on formation, development, rupture of vortex
rope and low-frequency pressure pulsation of wall was analyzed emphatically. The results showed that the
accuracy of result was verified through a comparison with literature and experimental results; The shape of
vortex rope in draft tube was different under different upstream disturbances. In the best efficiency point,
a stable spindle-shaped vortex structure was formed, which had little effect on the flow field. When the
flow rate was reduced to 81% of the best efficiency point, the spiral vortex rope was formed, and the
eccentric rotational motion of the vortex rope had a great disturbance effect on main flow. For example,
due to the squeezing effect of vortex, an obvious high-speed zone appeared between the vortex structure
and wall surface, and the amplitude of pressure coefficient was increased by 1. 36 ~4 times. The pressure
fluctuation in draft tube presented typical characteristics of low frequency and high amplitude. As the
opening continued to be decreased, the volume of vortex rope was increased greatly, forming a large
cavity vortex zone, and occupying a wide range and hit against the draft tube wall directly. With the
decrease of the guide vane opening, the chaotic vortex and unstable flow field structure generated in draft
tube were increased. When the opening dropped to the lowest, the original shape of vortex rope was
damaged, and the broken little vortex filled the whole draft tube.

Key words: Francis turbine; vortex rope in draft tube; upstream disturbance; pressure fluctuation
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Fig. 13 Velocity streamlines in draft tube under off-design condition of a, =38.05 mm
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Fig. 16  Turbulent kinetic energy in draft tube off-design condition of ay, =13.50 mm
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Fig. 19  Frequency domains of pressure coefficient in draft tube

o

g

27

W 4

% 3

4 0 10 20 30 40 50 60 70 80 90 100

LT
(¢) @, =26.17 mm
x1 BARERERIM
Tab.1 Main frequency of monitoring points Hz
ay/mm
48.74 38.05 26. 17 13.5
pP1 0.67 1.33 1.33 1.33
P2 0.67 0.67 1.33 1.33
P3 0. 67 0.67 1.33 0. 67
P4 0.67 0. 67 1.33 0. 67
P5 0.67 0.67 1.33 0. 67
P6 0.67 0.67 1.33 0. 67
pP7 0.67 0. 67 1.33 0. 67
P8 0. 67 0. 67 0. 67 0.67
P9 0. 67 0.67 0. 67 0.67
P10 0. 67 0. 67 0. 67 0.67
A n——UE M 1] B A Bk 30 1 ) S 4

B 20( Q, #77 HLAS51 — L) — 43 150 K 4 L1

025 - % @y=48.74 mm, 0, =1.197 m¥/s
| —e—@,=38.05 mm, Q, =0.975 m’/s
—A—a, =26.17 mm, (), =0.660 m

Pl P2 P3 P4 P5 P6 P7 P8 P9 PIO
I

—v—a=13.50 mm, (), =0.270 m*/s

s

FE ) MASRNJE B T00 T RORT R AR fE il 2k
M R L 7R 5 i JF EE R 38,05 mm B R, R
RIe KT HoA T80, F 349 Ik 3 7 & 800 8 L S AR
AN T 1,36 ~4 A i O SRORE i A 1Y 7 AR X R
KA W 0T iR, BB TR RS, oy =
26. 17 mm ., =13.50 mm T.&% B R WA AR IE R
(8 A 7 A (LI B 3 s AR, IS R AR B T U
Y 55% 122, 5% , PRk 3l 0 18 A X A . B B
JFE KA D U SR E 168 217 32 2l 7 AR 0 TR ) ik 3l i 4% 3
SEE R K ALK AR SR 1) 2R &

3 #ig

(1) ¥t B Lintex RN FEEH TR
KEWH ISR, IF 558 XT g uk 1745 8/ W

- @, =48.74 mm, Q, =1.197 m*/s
—o— @,=38.05 mm, ,=0.975 m*/s
—a— @, =26.17 mm, ) =0.660 m’/s
=13.50 mm, @, =0.270 m%s

aM

01 I 1 I
Pl P2 P3 P4 P5 P6 P7 P8 P9 PIO
feRlIlY=

S\

B 20 kst s & BUE(E

Fig. 20 Amplitude of pressure coefficient



200 &l #Hl

L

2022 4

YA P R Rt

() ANF AW AT, BAKE RTEES 7.
W 5 T S B SC AL Il 2 1) 1 e (I T DL I ) 2
I 3 (A2 e 45 4, W O 5 i /N ) SR B
oL oy QO AR B BT T U A Y 81% i) (B A4S
T (ot 4 AL SR R B, A R T K AR B
el ELR ) R L Al I R R B0 RE 2% T R S
(NPT B B .

(3) BRI T 7l X UL 2 32 W 52 K, 0 Al 14 i o
iz Bk WA T BT YA R (R0 R S)

Oy EAEAERE LRI o A R KR B HESE AR 2
Y AP 5 BE AT 22 () B g e XY A
- 25 bk B e 0 AR ROl H L T A f O M T
1.36 ~4 f%,

(4) FF 2 /I & KA P 7 A s TR B 2 L, >4
T Kt 2 A IR (e = 13.50 mm) , A I AT 2K,
R TR 4% 10 S 30 A 28 1 B o BRI S i BL, G I i 30
REPRAN A BE DX BE S O

(5) R/KAE s I 7 bk 3l =05 1. 33 Hz, Oy it
TR AR AL | T W R AR o

2 % X W

(1] XBI, ok e, 0l B, A8 IR L R i =K AL /N BE B I i 8 3 A [T ] o AR K R 7K B ,2020(5) <155 - 159.
DENG Cong, ZENG Yongzhong, LIU Xiaobing, et al. Flow analysis of inter-blade vortices in a low-specific-speed Francis
turbine under small opening conditions[ J]. China Rural Water and Hydropower, 2020(5) ;155 = 159. (in Chinese)

[2] TIMOSHEVSKIY M V, CHURKIN S A, KRAVTSOVA A Y, et al. Cavitating flow around a scaled-down model of guide vanes
of a high-pressure turbine[ J]. International Journal of Multiphase Flow,2016(78) .75 —87.

[3] HAN W, WANG J, KANG J B, et al. Erosion characteristics of hydraulic turbine guide-vane end clearance in sediment water
flow: a simplified model analysis[ J]. Journal of Flow Control, Measurement & Visualization,2017,5(4) :111 - 126.

[4] KRZEMIANOWSKI Z, PUZYREWSKI R. 3D computations of flow field in a guide vane blading designed by means of 2D model
for a low head hydraulic turbine[ J]. Journal of Physics: Conference Series,2014,530(1) :12031.

[5] GUOT, XUL H, WANG W Q. Influence of upstream disturbances on the vortex structure of Francis turbine based on the
criteria of identification of various vortexes| J]. Energies,2021,14(22) :7626.

[6] Wik, Kar . R KE PR AKE T BE i WA RS S AT S [T, AR B4 ,2014,45(9) : 112 - 118.

GUO Tao, ZHANG Lixiang. Numerical study of swirling flow fields in Francis turbine under small opening condition [ J].
Transactions of the Chinese Society for Agricultural Machinery, 2014 ,45(9) :112 —118. (in Chinese)

(7] BB, XNaw, RTE, . RS EAR RO YL (e S e 58 th DRI ks msZm (1], K45 5
2 (A %) ,2021,36(5) :631 - 639.

LIANG Wuke, LIU Yunqi, WU Zijuan, et al. Effects of runner flow guide vanes on cavitation performance of Francis turbine
and pressure pulsation at runner outlet[ J]. Chinese Journal of Hydrodynamics, 2021,36(5) :631 —639. (in Chinese)

(8] EZE MV, 3K s A, 55 VR I UL HE 1 43 A 11 PIV IR 59X [ T]. 7K 8 1 2097 5 36 e (A #8) ,2005,20(5) :604 - 609.
WANG Jun, SUN Jianping, ZHANG Kewei, et al. Study on PIV measurement of exit velocity distribution of Francis turbine
runner[ J]. Chinese Journal of Hydrodynamics, 2005,20(5) :604 —609. (in Chinese)

(9] E/AJe, ¥R, XN, S KIKEHLTCH XN ER RS &R I8 [T]. K& B 24,2021 ,40(4) .59 -72.
WANG Xiaolong, LIU Demin, LIU Xiaobing, et al. Analysis on flow structures and pressure pulsation in vaneless space of
reversible pump turbine[ J]. Journal of Hydroelectric Engineering, 2021,40(4) :59 —72. (in Chinese)

[10]  Bhakds, M, B, % Ru=UKRHLE B iR 5K SR RRSH)]. /KIEHAR,2018,37(9) :40 - 46.
ZHONG Lintao, LAI Xide, LIAO Gonglei, et al. Analysis on the relationship between swirling flow at outlet of a Francis
turbine runner and vortex rope inside draft tube [ J]. Journal of Hydroelectric Engineering, 2018,37 (9):40 - 46. (in
Chinese)

[11] Zot, ZoER, PEA, 5. WRUKEHLRN LT Pl T XL R Bk @Rt i [T]. KR s %3k,
2014,33(1) :191 - 196.

JI Bin, LUO Xianwu, NISHI Michihiro, et al. Analysis on characteristics of two-stage rotor-stator interaction and pressure
fluctuation propagation in Francis turbine under partial load[ J]. Journal of Hydroelectric Engineering, 2014,33 (1) ;191 -
196. (in Chinese)

[12] AR, SR, B, 5. REAKEYLRKEE RS BmIT]. K &84 ,2016,35(1) :87 - 94.

XU Yongliang, QIN Daqing, ZHAO Yue, et al. Exploratory analysis on pressure fluctuation conversion in Francis turbine draft
tubes[ J]. Journal of Hydroelectric Engineering, 2016,35(1) :87 =94. (in Chinese)

[13]  Zkil, HAE, PSR, & KEKRHUE LAOARBOT TO A S Bkl /8T [T]. AR ,2016,47(12) ;77 - 84.
ZHU Di, XIAO Ruofu, TAO Ran, et al. Analysis of flow regime and pressure pulsations under off-design condition in pump
mode of pump-turbine[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2016,47 (12):77 - 84. (in
Chinese)

[14] Zp7%, ¥, 2040, 55 KK PUROKE LI X E S Bk el Rt BT [T]. K A% 4R ,2015,46(3) :350 - 356.

LI Qifei, JIANG Lei, LI Rennian, et al. Study of pump-turbine’s pressure fluctuations at reverse pump mode[ J]. Journal of
Hydraulic Engineering, 2015,46(3) :350 —356. (in Chinese)
[15] SRR, HolH, drhde, & KRR YR /NI ROKZE THE I Bksh 5 W R4 5r [T]. KR % 4k, 2018,



% 6 1)

WU AF . LUFICSh A PE T R KA A AL AR ) Bk s i 5 201

[16]

[17]

[18]

[19]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

49(12) :1541 - 1549.

LE Zhenchun, XIAO Yexiang, GUI Zhonghua, et al. Unsteady flow and pressure pulse analysis of a Francis pump-turbine on
reverse pump zone with small guide vane opening[ J]. Journal of Hydraulic Engineering, 2018,49 (12) :1541 - 1549. (in
Chinese)

I, 30, BRTA, . SORAZKEHURSUK S KR AK R AR 22 LT ). A HLI#4R ,2018,49(4) 1165 - 171.
ZHENG Yuan, JIANG Wenqing, CHEN Yujie, et al. Investigation on low frequency pulsating and draft tube vortex of tubular
turbine[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2018,49(4) . 165 -171. (in Chinese)

BowE, BARE, BB H, S, MR 2 OM S AT R Y J I AR T EOK S ML R e AR R S [ T]. K ) R B AR,
2014,33(3) :274 - 278,285.

RUAN Hui, LIAO Weili, ZHAO Yaping, et al. Effects of blade angle distributions on Francis turbine performance used in
cooling tower[ J]. Journal of Hydroelectric Engineering, 2014 ,33(3) :274 - 278 285 (in Chinese)

RFUR, RREE, B, ST B AR R R AR PR R [T]. AL B % 4 ,2019,50(5) -
140 - 147.

WU Zijuan, LIANG Wuke, DONG Wei, et al. Influence of guide van distribution circle diameter on performance and internal
flow characteristics of Francis turbine[ J|. Transactions of the Chinese Society for Agricultural Machinery, 2019,50(5) :140 —
147. (in Chinese)

BEIE, KM, AL, . KR HLIE S5 O AR T K AL N S SR S BUE AR AT R[] KA AR e, 2017,
48(3):299 -307.

HUANG Jianfeng, ZHANG Lixiang, YANG Song, et al. Numerical simulation of dynamic flow around wicket gate in hydro
turbine with guide vane Closure[]] Journal of Hydraulic Engineering, 2017 ,48(3) :299 -307. (in Chinese)

T, B, w55 AABREAOKEYUR KR SRS [T]. KDk i 24,2021 ,40(9) <95 ~ 101.
WANG Tongtong, ZHANG Changbing, XIE Tingting, et al. Analysis on vortex ropes and pressure pulsations in draft tube of
variable-speed Francis turbine[ J]. Journal of Hydroelectric Engineering, 2021,40(9) :95 - 101. (in Chinese)

INERN, SRMEHE, 224k, AKFEHLR KA 37 I 1 k8 A 20 R AR R AP RS [T]. RALHLIAA 4 ,2019,50(9) 1122 - 129.
SUN Longgang, GUO Pengcheng, LUO Xingqi. Investigation on synchronous and asynchronous characteristics of pressure
fluctuations towards precessing vortex rope in Francis turbine draft tube[ J]. Transactions of the Chinese Society for Agricultural
Machinery, 2019,50(9) :122 —=129. (in Chinese)

NN, FRMEAR, B 26k BT [ s S0 o DU B /K S LR K 4 i B R BIF S [T KB i St (A ) ,
2019,34(6) :779 - 787.

SUN Longgang, GUO Pengcheng, LUO Xingqi. Visualization investigation into precessing vortex rope in Francis turbine draft
tube based on several vortex identification criterions[ J]. Chinese Journal of Hydrodynamics, 2019,34(6) :779 - 787. (in
Chinese)

Fe¥, EAER, B, % LTI MK ALR KBRS [T]. KRR ,2019,50(2) 1233 - 241.

LU Jinling, WANG Like, LTAO Weili, et al. Entropy production analysis for vortex rope of a turbine model[ J]. Journal of
Hydraulic Engineering, 2019,50(2) :233 —241. (in Chinese)

KRG, MEA, B, . IR AUKE MR AKE W RO BCE R ArsE (T]. K ) A %4k ,2017,36(6) 179 - 85.
ZHANG Xing, LAI Xide, LIAO Jiao, et al. Pressure fluctuation generated by vortex rope and improvement measures inside
draft tube of Francis turbine[ J]. Journal of Hydroelectric Engineering, 2017,36(6) :79 —85. (in Chinese)

LIU C Q, WANG Y Q, YANG Y, et al. New omega vortex identification method[ J]. Science China( Physics, Mechanics &
Astronomy) ,2016,59(8) :62 - 70.

ZHANG Y N, LIU K H, LI J] W, et al. Analysis of the vortices in the inner flow of reversible pump turbine with the new
omega vortex identification method[ J]. Journal of Hydrodynamics,2018,30(3) ;463 —469.

WANG L, ZHENG Z Y,CAI W H,et al. Extension Omega and Omega-Liutex methods applied to identify vortex structures in
viscoelastic turbulent flow[ J]. Journal of Hydrodynamics,2019,31(5) :911 -921.

MENTER F R. Two-equation eddy viscosity turbulence models for engineering applications[ J|. ATAA Journal,1994,32(8) .
1598 - 1605.

MENTER F R, KUNTZ M, LANGTRY R. Ten years of industrial experience with the SST turbulence model[ C] //4th Int.
Symp. Turbulence, Heat Mass Transfer, Antalya, Turkey, 2003.

A B, R, S ) B SR K R HLBCR B i s [ T] . Al TR 2R ,2015,31(5) :53 - 58.
FENG Jianjun, LUO Xingqi, WU Guangkuan, et al. Influence of clearance flow on efficiency prediction of Francis turbines
[J]. Transactions of the CSAE,2015,31(5) :53 —58. (in Chinese)

FRIEE, FEAE S, 45/0NEF, 48, JET MSFLE 5 Liutex Y85 IF 230 0F 5 [T]. 25 R8h )y 2% 2% 4L ,2020,38(3) 1432 - 440.
GUO Yan’ang, DONG Xiangrui, CAI Xiaoshu, et al. Experimental studies on vortices merging besed on MSFLE and Liutex
[J]. Acta Aerodynamica Sinica, 2020,38(3) :432 —440. (in Chinese)

VT M. TR U A A LR A3 SR e SRR DT ST [ D ] P 2 Y2 BT OR 2020,

SUN Longgang. Investigation on vortex characteristics in Francis turbine operating at part load conditions[ D]. Xi’an; Xian

University of Technology, 2020. (in Chinese)



