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Hydropower Engineering, Hohai University, Nanjing 210098, China)

Abstract: In order to study the shock waves and jet width of slit-type flip bucket, physical model tests were carried out
based on a real project. In these tests, a series of shock waves were observed in a reduction section. According to the shock
wave angles measured, two empirical formulas were proposed for estimating the minimum and maximum shock wave angles.
Based on the shock wave theory, the free projectile motion theory, and the data of physical model tests, the estimated

formulas for jet maximum width and its location of slit-type flip buckets were presented. Overall, the results based on the

proposed formulas agree well with the experimental results.

Key words: slit-type flip bucket; shock wave; wave angle; jet width; physical model test

RSV T e LI —Fog X R
7K S S A i A 000 30 355 P SO AR K I 28 0ot A A R
JE T FBCH 65 ) RN [ 3 53 A ) PR 5 KT, 5 OROK
TR B SR R, D802 X T T AR 1) il
ZEGEIR PR R RE A )z W 1 AR 03 T
BB YK TR FRE Rk ARV 2R 2
T KA — 2 TS JKATHE 583 557K HL
SR T AR IR I RE 2

B it A e 25 0 | RS o D8, 7 S SRR HE A
Bk L I G e L1 B W e R e R AR i
e, FAE 1943 4E  Tppen'™ D) g7 J5 30k FERl 4 S
TIEAR R e 4R T s P B A G R A
Hager 55" 4 BEIR HE 345 21 T o o 2 (90 e Ak 3 T
B, HE B A O 58 LT AR T Kk R )
SE 7% SRR 52 i eh T b L L
AEREIR G BIK TR, AN BT A K R T B0E , X
WA AE Tppen & R 28 IR K FE 5] A T 3K

HEWH . EHKARPEE 4 (51179056)

Fe 1B E FR AL, 138 o Py A A a3 X FL kAT T %
SE o TR ARSI A SE I B 2% 1R 5 TR W
By W) 22 501, A 2 ML 4 B B X 7K O i b 404 0
F7E A — RS TR P A IR 25 R 25 T3
B2, B R A AR S IR
AP ML il £k, whle BRGNS — A HRL, T2
PRI A, Al UL, 5 BSRAR LE, 78 S 8 0 e £ O
KU 57 TR 7 A 1 e e LA B B AL G b
AP IS HEA TSR AR, A7 00X 72 S D i T g
— LI

TETH T BT b, A5 F RO AR Pk ATt
KA BERMTE BT E . BR TGk K & iz 5)
B BT R R B R g
SEICPAE ST A ST B T T AR 4Rk
TACH B9GN] 9 ROW AL, #7421 7K AK IR E
BEAh, T AR SRR P b i S AR TG oK
g, ZER o AR B e MK AP

YEE A A% (1988—) , 2 LA RN B AF 50 A=, BN FK LK T2 5E . E-mail : liuyangwork2010@ 163. com
WAEVER B R(1973—) B (FWHE) L THIHA, B2, i+, FENFK TR P, E-mail : mafei921 @ 163. com

+20 - KA K A ,2014,34(3)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://kkb. hhu. edu. cn



PE 1K AR AR TE R, A Sl i Bg i
A PEASE RIS, W57 4 2 i o e i R A A /N
PRIV ERG G vh) 82 i ow SN E NG SR VB DR £ S vl /B g E v
BEYOK T IR KA GEE KA E A IS
PRI 2 R AT HUAL

1 HERESVNESH

TRIR TR R K i S IR = AT, A
RIR G TR FKIE WBUKAE AESEIR RKEE
KR ARG (B 1), ARG DU TR it v fL
RJERL BRI R L 2 40, T FLBORUR A A
WO AEBK 64,5 em , A EBCH DA BEE 1 -
10 JE3E, B A Wi RF o 15.0 emx 18. 3 em (7 x
), R BEK 48. 3 em, % 15. 0 cm, 11555 38. 0 cm,
AR 2K g A 7K B Al 78 4 3K, AR I i e 7K IR 2R
T 147. 0 cm, FEUH 55 SERE fH B=15. 0 cm YR 45 &2
b=8.0cm, RB/KETRREIKVIAIK SRS, BIKE
67.0 cm, PRI AL 1T 723, 0 cm, ZESEIRSEH S
B WE 6 2 bl B A Y S Im R R A
WESE T Wi fa 6 43 )k 17.30° 12, 0°F1 8. 0° ()%
B AR AR R 5 S M1 M2 A M3, 5 TAE
7Kk A 80.0 ~ 172. 0 cm, R 35 55 185K Fr=2.17 ~
3.85,

B A

g2y i bl
IK3E W B FRAKE

1 BEARERSETEE
TR S it | vh b B A DK T R K TS
AR R G RE P fE (v B 2 20, b i R AR
THRREHEI i, 7T B R ST L S AT N (437 B A
b BB R I RSB0 TR RS . 1K
B PR K I — s S AR, wh A Bk
SR R AIK TEJE B B IR ZE L N £5%

2 AW

1 2 g ML BT 78 S K T T 25 10 1 00 JE A
AL B K A SRR B , B T8 S8 3K 58
FEAUAS | 7 ol D KUV TR K A A Rk
WK T LEGN I FEE [ 1 FE A Bfif, K 6 5528 S B i
TR B4 , AR S 05 52 il B
AR TR A5 Ay B B K ek, L 6, i 71 T
P, [ 3 R AIRDR I T M1 AR K 3 0 9L

Fr, AT LA A el P S T, AR AR N RE AT i
Y = R 2 TN B e NG RE2 ]
340355 2 4 ) TR 5 2 5 G ol 90 D A
K, TS O (A 1) 9 5 5 SR Al e 5 12 14
P A [R] Bl A A SN B A K TR T, e
Hr BB A R — A AR TR — 2 B R SRR
3T PO 2 85 1) 7K AR A 10 A £ e e, 0 IO 5 A
F/ P I PR IR S e AR L 2 Bl 5 P R Y
KB AT PN , G o F i ikiz 3l
P AR B B T 3 1 JBE K T A K s BT A
A SEIE (P 2 Fh o A AR R 1) 5852 ) B 7K & ALK
WA R R I, IR eI R T B4l
R B AR S

. ',{ »
(¢) Fr=3.8

3 Ml RBDKRTER R (B E 2 ik A mEaE)

3 KEBNKEERTE

WA IS 2] T 7R Sk SO A E A,
Kl 4 B, B 2850 D SE1E D B 10T T o
N b MBI L0 0, KT LR v,

KA K A ,2014,34(3)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://kkb. hhu. edu. cn <21 -



TR Bt , 77 A i I8, I B R AR - T 3R
FIRIATT 1] BRI A A AR K B K UARIC N By, e/
BAMIEH B, o O' KNP AL, N 0" s I 45
Bobe i Wi i) /KB B E SCR Ly, 0" KRN hy .

BRI

hy

(a) AL

¢ L() ¢ Ll

— A
AN 0,
Q .Bm @
0 v
Bl

M
m

e
(b) ¥
E4 BHEERRSTEE

HITAETHE TR 4 PSS AR BR R 20y, ABFR
JE A5 O AL T W Bt i A B B AR i BE R by« B
SIKGETT ],y B ) b, AE SO AR EE R iEK
AT P4 R R 2, B 2=80. 0 em,

WNE 4 FroR FEh R BPE RS, 2= SR s B
303 58 A0 B4 T IR K I A K 5 TRER e /1 2B, . 2k
R TR B TR ZL A s 4R DA R Y O
£ o I BRI 31 355 B3I 194 7 JRE K B DA = 44 K T T A
BRVE TE R AL A SRR (AR ) B B RIS A 4
YOKEBRRAIKTERE . e ULBT & 5 A 5 o 58
L85 O HYZKFRE B R L, FHR (4 7K I 7 R T s 17
KT LR ICHR By, , BIPRIK  ATK I Y 55 K 58 B2
B SCAEBEIR R 11 BE K R e R AR 58 BE Ak (Y 7K SF- 5
K Ly o VIR LT C R A 15

B, =2L,tan B,
Ly=L, -L+1L, (1)
L, = B/2tan 83,
MRAEEC (1) RIEATSRAF K/ e RAK S By, 1ET
SR, T B R B, ML, .
3.1 Efp, Mp, KitE

7B BE YN KR e A R, thil PR A PR S
IKIEIMEGE , B 4% Tppen BEIEHF 57 45 4 Hh R i)
PR RR T TE I, Hager %01 IACH,
B SESWAR BT U e B8 A 1T AR SR R
I1 S5 TEEL Fr AR F 60 1 R

B =f(1/Fr,0) (2)

LM TA SRR BE IR R S ALK I B, TEA

R

oy

R 3t o 57 TR A5 1 N o s 8 T By M B, 5 Fr
o rkER, K s fE 6 Fis.,

0.12 ¢
0.10 F
0.08 -
0.06

Bun-0.650

0.04 |

0.02

0.2 0.3 0.4 0.5
1/Fr

Bs5 B,-0.650 5 1/Fr %%

020
0.16
0.12 ¢
= 0.08 |

By -1.240

0.04

0 L 1 )
0.2 0.3 0.4 0.5

1/Fr

6 By-1.240 51/Fr Ik Z&
HRIEZ(2) |, FFF PR A 0 5 ) ) 15

B. = 0. 131n(FL) £0.650+0.21 R =0.952
r
(3)
B, = 0. 261n(FL) +1.240+0.39  R®=0.859
r
(4)

H(3) (4) K& FHFE M 0. 139 <60<0.302,2. 17 <
Fr<3.85,
3.2 L, HERUTE

Z W2 ST, SR K I 032 Bh R TR S Y
A Az g, L, vl A i SR 2 s
WL RS A LS RS S AT LSRR

2e i / 2 + h
L _ U cosasina [1 + s ggz. : o) ] (5)
14 v sin”

A v o 235008 Ml B AL O AR AR B4 3L T K
WA s hy F S0 ORI, B2 T v a [ by
Ja, AR E L, BIME,

3.2.1 v R
Ippen PR FHIE 45 T i I S 7K O I
_y _CoSB
e cos(B - 0) (6)

FEC(6) PRI, H R L I B A A — R N, TR Ui

R/ NRER T A . 205 LUK b Ay B,

AEARAS(6) T bl m e , B
cos By

cos(By - 0) (7)

v =,

« 22 KA K A ,2014,34(3)  Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://kkb. hhu. edu. cn



3.2.2 hy, AR

R TR by, BN TEWTERT O WY 3% 221 T
e, IHLL O s o AR O W2 i,
F O PR ES A AR AR, 1 8 1T A 7K 5 48 1] i
gV T I A A N P N O L O T T B i (VS9N
JE 5 By 15 hy BRI W U]

v,h,B = vh,B, (8)
e, B by G300 Ry SR A BRI T U 50 £ - 45 7 3 1K
BB, N 0T AN KR FEIE , I B AL By ~ b, U]
A (8) Al fH
v hB L

hy = cos(By - 0) B

vb ' cos By b
3.2.3 oK
TE xOy bR Z T (18 4) KA rh i B A AL /Y
IR A o, P PP R 2R A 78 S b 26 AT 1 7K T
28, ] AR R B = 2py ALK, A 5 A
o BT R RIDOKER by A0 O 553 G AR Y
B, 0 ARFR(0,0) 0" S ARR N (Ly  hy=hy ) 0 p=
Ly*/(2(ho=h,) ), BTG B LTI «° =L, y/
(hg=hy) o XTTRE O’ SRS FHZ R AR tana =
2(hy=hy) /Ly K, SR o AT AALER R K
a = arctan [27( hOL_ hy )} (10)

0

(7)) (9) (10YRAK(5) , AT RS L, 1Y
H, B, B B)MSHMMAR (L), AI5R% 4k
Pem K T I R AIKGEE B, Bt KSEFENIE Ly,

4 RIEIIE

SR FH ] T TR 2 1 T/ I S 560 28 A A A R
RGOREAE R R, Horp A g POk i 2 B
i h, AT RIS A R O 18,3 em , HR A
IEOKALE R AR S E, AT AR Bk R 0, KoK
LIRS EAL Fro B A SCH T 7 R 15K 6 i
RAKTERE B, FIZAEHEIRH T HE K & 5 KR AK 56
AR K-S L, , ZEASE AL G I AR T 00 Y
By VUK Ly ¥ By ALy, BYTTRAE Se SE 0B 25 2 7E
7 M 8 AT LLAE H, P W) BT, RIS
VARSI T 5 LS AR, B R
REHE

5 & iF

FEAEICR P K T RE ST, B R
A 7R SE K i B0 52 o PR A e A Bk
TP A 2 SR AR ) L R P2k, 3o I3 AN R B9 5 A
ARIEAS SCIRIR 25 R A5 21, I A1 KR 0 I 55 P8R Ik
N AR EEYOCAR F B R ORI R, 7K TR A ol

(9)

127
e 09} -
= .
ﬂm{ -
= 06} %
0.3 0.6 09 12
SEPUAE /m

7 B, ZNESIHEEMILE

3 -
E [
= ot "
im -
= 1
1 2 3
SEAE /m

B8 L, ENESHEENLE

WA o3 IAe A PR ) T Bk %, D 1 oK
TR R AIKTERE BT 5T R, Bl 4 A Bl
KT 57 TR 1 K, A8 BE IR PRI K e KA IK 5
FERGR H A B 0] Nl A . 7 S i B8 734 A
REHITE 153 12 SRR PRI K T B R A K 98 BE S H:
P B AR A, 2 SRR AR AL, i
Wl T BLEE  ARWIA SO R 1 B B RS

SE

[ 1] WU Jianhua, MA Fei, YAO Li. Hydraulic characteristics of
slit-type energy dissipaters [ J]. Journal of Hydrodynamics,
2012,24(6) .883-887.

[ 2] BBCH, Rt Wi =R e TR IR St Jg (0]
iR 724l AR BE SR, 2008, 36 (2) £ 219-223.
(HUANG Qiujun, WU Jianhua. Research on contraction
energy dissipators [ J ]. Journal of Hohai University:
Natural Sciences,2008,36(2) :219-223. (in Chinese) )

[ 3] IPPEN A T. Gas-wave analogies in open channel flow
[ C]//Proceedings of the Second Hydraulics Conference.
Towa ; University of lowa,1943 .248-265.

[ 4 ] HAGER W H. Supercritical flow in channel junctions
[J]. Journal of Hydraulic Engineering, 1989, 115 (5):
595-616.

[ 5] HAGER W H, SCHWALT M, JIMENEZ O, et al.
Supercritical flow near an abrupt wall deflection [ J].
Journal of Hydraulic Research,1994,32(1) :103-118.

[ 6 ] NI Hangen, LIU Yakun. A generalized explicit solution of
the sequent depth ratio for the hydraulic jump [ J]. Journal
of Hydrodynamics,2005,17(5) :596-600.

(T#%29 W)

KA R A B 2014 ,34(3)  Tel ;025 -83786335  E-mail :jz@ hhu. edu. cn hitp ://kkb. hhu. edu. cn « 23 .



[ 5] BES- YR AR R HLR 4R [ D], Fo % A%
B A A, 1989.

[ 6] m2ot Bt M. bt NRSSHE A, 1998.

[ 7 ] Drtite  BREr, T ixi. Bridom il wil B 97 T A2 R P F 52
LR [T]. K RIK L BHEG M &, 2007, 27 (4) - 84-89.
(FANG Shilong, CHEN Hong, WANG Gang. Properties
of protection engineering against local scouring around
piers[ J]. Advances in Science and Technology of Water
Resources ,2007 ,27 (4) :84-89. (in Chinese) )

[ 8] TkJTHe, SCHE , 2k A, 55 FRLACHR (IR) B5BTs o 2 56
WFFE[T]. WEEE AR 22240 . FLARBLE L, 2011,32
(3):226-229. (ZHANG Wanfeng, WEN Heng, MOU
Xianyou, et al. Experimental research on scouring and
protective of bridge pier ( brake) with wing-ring baffles
[J]. Journal of Inner Mongolia Agricultural University:
Natural Science Edition, 2011, 32 (3): 226-229. (in
Chinese) )

[ 97 musH, ARikAc, SCIE, 45 ISR 56 ol kil B 4703
B[], Ak FK R R, 2012, 32 (3) : 14-18.
(CHENG Lanyan, MOU Xianyou, WEN Heng, et al.
Experimental research on protection of ring-wing pier

against local scour [ J ]. Advances in Science and

(10]

[11]

(12]

[13]

Technology of Water Resources,2012,32(3) :14-18. (in
Chinese) )
L IR, AR RAC A5 PRI AR IO S A R M A
AESE A 2 6 [ 0], /K A K R B 4 3 R, 2013, 33
(2): 32-36. ( CHENG Lanyan, HAO Lazhu, MOU
Xianyou, et al. Experimental research on optimal
development lengths of ring-wing baffle of ring-wing pier
[J]. Advances in Science and Technology of Water
Resources ,2013,33(2) :32-36. (in Chinese) )
e WRURTR PR LB 43 BT K B 4 s [ ) ] A
B AR Ak, 2010, 32 (15) : 16-17. ( MA Kui. The
mechanism analysis and protecting recommendation of pier
against local scour[ J]. China Hi-Tech Enterprises,2010,
32(15) :16-17. (in Chinese) )
ENEE AREAE AP WS AL [ M) b,
Hh KA K A, 2002.
D tthe. Jai vl v b ST AR R i 7 R 30 3 3 4 P 43K
A5 ]. Kz TR, 2009 (11) :143-152. ( FANG
Shilong. Experiment study on the influence of local scour
pit on flow field around piers [ J]. Port & Waterway
Engineering,2009 (11) ;143-152. (in Chinese) )

(Wch H91:2013 -05-09 4k - 3% )

(E#%23 1)

[ 7 1 XU, bt i S5 e =T BE o T IR A FFE [ D .
K% FGEHT K ,2006.

[ 8 ] TR B FR. 7= 4 Pkl Be 2o b i e b 42 il 2k
WITHFE L], P22 TR %2240, 1992,8 (3) : 197-
240,215. (NING Lizhong, DAI zhenlin. Calculations of
shock waves and controlling water depth in region of
contraction on slit-type flip bucket [ J]. Journal of Xi’ an
University of Technology, 1992, 8 (3 ). 197-240. ( in
Chinese) )

[ 9 ] B, S5, 28 g PO 4s Be 20 vh o PORR R A 1

BT 7K F ok fL 3 AR, 1989 (8): 11-15. ( HUANG

Zhimin, WENG Qingda. Discussions on characteristics of

shock waves on slit-type flip bucket [ J]. Water Resources

and Hydropower Engineering, 1989 (8 ). 11-15. (in

Chinese) )

XE N SO, A S PE R K T R [ ], Rt

K2 %4, 1982 (2): 67-77. (LIU Xuanlie, ZHANG

Wenzhou. Effect of air resistance to a trajectory jet [ J].

Journal of Tianjin University, 1982 (2 ). 67-77. (in

Chinese) )

XUEZL, XNE), Wik, 48, 25 B SUK & 12 sl K f

PELJ]. KR4, 1989 (2) :23-30. (LIU Xuanlie,

LIU Jun, YAO Zhongda, et al. The moving orbit and the

[10

—

(1

[

horizontal length of aerated jet flow in open air [J].
Journal of Tianjin University, 1989 (2 ). 23-30. ( in
Chinese) )

KA KB AR 2014,34(3)  Tel 025 - 83786335

(12]

[13]

[14]

[15]

[16]

TR P PRI PR K i R AR [ 0], K B R
5K TRE2=4R, 2004, 15 (3) :35-39. (NING Lizhong.
Discussion on the horizontal length of jet flow and its
factors of influence [ J]. Journal of Water Resources &
Water Engineering,2004,15(3) :35-39. (in Chinese) )
XEZL X, =T K E By R[],
FKAN2EH,1989,17(11) :10-17. (LIU Xuanlie, LIU Jun.
Experimental study on the diffusion and aeration of three-
dimensional jet [ J]. Journal of Hydraulic Engineering,
1989,17(11) :10-17. (in Chinese) )
RS Bk i K T AK SERE T[T ] K
J1J% H, 2000, 19 (3 F] 1):70-71. (FU Peifen. The
calculation of the jet width of overflow arch dams [ J].
Sichuan Hydropower, 2000, 19 ( Supl ): 70-71. ( in
Chinese) )
RS-, TR EZ L. AR SEPRI KT 10128 S O A A T
[3). K J3 % L2 4R, 1989 (4) :71-76. (WU Wenping,
ZHANG Yanfa. The theory and appliance of jet diffusion
for slit-type flip bucket [ J]. Journal of Hydroelectric
Engineering,1989(4) .71-76. (in Chinese) )
SRR, XS ZE X ZE S PRIk ] K HL 0l 78 S RE 5T
[J]. ANE#,2011,33(6) :126-131. (ZHANG Yelin,
DENG Jun, LIU Jun, et al. Research on slit-type energy
dissipaters of Dandahe Hydropower Station [ J]. Yellow
River,2011,33(6) :126-131. (in Chinese) )

(ki HI91:2013 -09 -09  Zt . 3 )

E-mail ;jz@ hhu. edu. cn hitp ;//kkb. hhu. edu. cn - 29 -



