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Fig.2  Comparison between measured and simulated values of water level and velocity

I T A 9 e 5 G T 250 T A (8 PR A JE: Koch 45 BTG A ) Fr FU531 -

c+V,
Fr = (5)
Jehy
M 1.2 < Fr< 1.3 i, KPR I 306 B R 1 Lo
FRRBCIRIEN ;24 1.3 < Fr < 1.5 16, WL Bomie e, B 58 e Losl o o
W12 Fr > 1.5 I W15k 56 A R B MR e 00| o e
BOUBT A MG A5 70 Fr > 1. 44 B 8090 3k 58 4k 075! o
5, SRR 5 X4 1.26 < Fr < 1. 44 B, T8 9000 3 450 i 30 S oe0} %
RS 5 24 Fr < 1.26 1, S99 5 9 OR R, 3% 55 Koch 459 045! j"“’
SERLA— T, KU, T BTHEREIK 3 J AT RLAT AT 030f e
2.2 = SHEMERME o1sf ¢
A L T 0 K B 40 R T il e, 3805 10T 2 1 e 15 6 17
LA AR 1T S S RS A '
AT, 72T 2% P o B A T A %, X AR 14 RN e S

BIEEL x ,z AL FRAH R ,y =0.25,0.50,0.75 m {3 NIy Fig.3 Relationship curves between Fr and H/h,
Bt o RRRRAE s Ak 72 FT A foa 7 3 i T 1) 28 fe 22 ol n 141 4 i

7o M4 AT UL, 3 ANRFAE f Ak AL S PR AR ] 20 A8 A, 150 B PR TR W1 7 A 7 e R v A [ B T A 1 K A
] FUAR AN , A F i A v G ) R A TR 25 AT A7 17 DU REAS AR R] . — R R B A 5 0 3 50 e O
ARG L ZOK TN, J5 200 H AP R ] — 4R E R Z R

1.4

¥m

B4 ORI = 4EAetE
Fig. 4 Three-dimensional characteristics of undular tidal bore
2.3 RESHHE
TR A A ML R 28 - — R 5t BE /NS S Pl — ZR 80 T4 1o e P SRR B PR ), B A AR AT



36 b/ R S S N I 2019 4F 6 H

W5 o5 — iR SR AR, P R TR, JE RS 1) 4 2R A BEVR , R BEVR I o 1 SCNTa) ) TE J7 15 A9 ¥ 35
P47 1) CON R P 1] L3 ), S e ri L DS 1) 1 by 70 T 7 1] S 2 i) 549 TE 97 160 0 ) BB ] — sf 2] AN [
Tetm K GAL i 53 A 2l ] S s, B b R e AR B K TIIE A w,w 435 AN 1w 1 1) 75 2
MNIELS T LAZE H 70 T 0 A o e P 45D 1) ) O e gl i A T 2 B LS I 1 o K 9 8l i A
R R o FRIZIKMAS ) U B BN R T R KR, AR 1) 3 38 1 57, 45 J= AR M Jae e ASe a0 . i
AR WAEAL RS AR, PN TT 1] b U e 3l e AR 1 A e i 7 90 Sk BT it 90 Sk A I 1) £ 4% , 45
e 7 5 0 S AL AL R AR A, ROV BN o5 B ol 7 ] — ok S0 300 P DR 9 0 P e | v o B

e [f] KRR B 7 AR B o A, 38 2 X8 H e T i A A Sk e g el b B2, T LA A BB AR A i 2 1)
HARAES A K SR [R5 T 16 U S0 R R B RS S AT A K i S d R
09

13.0

ul(m -+ s7")
h/m

h/m

wi(m - s7)

-0.18}
) L ! 0 ) ! )
5 10 15 20 25 10 15 20
x/m x/m
(a) PRI (b) HEFHR

S WM L
Fig.5 Comparison between velocity distributions of tidal bore

JHE R TR 990 14 0 A AN U I A MU, P A A b SR B B i 3 s . INIET Sl AT

7 A T ) R sl e R L TSk R AL o VR I W A [k A A A ) Sk AR Ak B S9N, LR v

T A A KU AR R AR Ak T T 23 BE e A Ak Dy AR D T AN I8 2 S 0T 0 o R R A 4 3

Yl o TTT 2 1] 0 LA ) Sk A AL gl Sl B2, T BB T3 Sk R I R JZ K AR N AT R B2 AL BB A AUIR

AR AR A P B ) A 1)L 328 Sl 07 b i e v R B A2 AR 7™ £, AT 3 B /K PA) 8 3

Wezlo LA, Bk TSI AR KA K A A ELAEARE I K T, 070 7K 7 s AT Sk P 7 AT G i Sk ¥ 707K
PSR ZUZE Shak i 5| A 3 I 3 o

3 BOREEE e E & oA

T s — Fof I T S R T 2 SR AR A A 5k AR Z P T Wi 7K 1 BRGE , R R 52 v i o T /K R
T e AT R IE TR T A5 D B o DR ST A T S 407 ok 2 T ROk W /K A SR 3 1 K B



553 1] L AF M CFD i AU 37

JVRAERISE , R PR UEEE SR 2 805 52— B0 aT, Jo s 7% ST 18 1P M2 R 452 mi o X T3 —4¢
S A TE B ) PSRN G T, Il R 25 (ORI 30 Fn) R (SR RRE 30) J2 18152 1. LA, ih T ieiR
T A R K TR 25 SR E A HA BORZR SR, FRTAVEE 4 R $ B 5 18 AG 7 83 LU iF s ik, IR,
A 3 A S R S BB AR, 2051 LA T 3 Vo AT B ARG T80 5 B2 H/ g oA 42 ) 22 X IR T
TR Bl O A B R R T BT
3.1 REEIFHERZIE RS

MIELS BT LA H R T V) 2 49 ol R b A ) S T L 3 e ) i 3 0 sl 0 {1 P 7 7 ¥R A 7 B ML, il
DK 6 10 Ao A v ) 2 1] Y0 A AT 20 A gl vl LSz e EE HC A A T 1) ) R R AIE o B PRS2 IR R Y
P TOUSIAE R ILIE 6 BRI ESRUE, 7R 5P ZGE R T, DCPRI 19 ) 25 Hh 2= 7 MR Dt i 8l B A PR 4 A ] AL
2 (6] 38 K T 1] RS AROE I R, &1 6 (a) v 3 Fh B0 B v JZ /A 1A 3 [o] it 3o i ) e 88 804 B . 22
S AR Vo =0. 1 m/s B BT AR A A9 30 FE A 1 30 A DR T A PR 00, DR e T oA o 7 Al 2% fF— S I, V7
X 3 [ 7 AR B R A TCE N, (ELS A 1 R A RN e o AL 6. (b) R (e) T LR, AN[R) b AT H T A2
ST ) P 2 i) S A 0 S A S 25 5 by = 1.5 m FI H = 0.42 m Xof 07 T35 170 ¥4 2 1) 300 08 3 o7
W AR R, PTA 7 AR SR AR RN g R H 55068 B3 A RS 91 04 A 1] R/ RRE [ o AN AT R B by =
0.8 m A1 H =0.42 m Az B A 39 2 1] 0 W] S R T AR 00 o PRIk mT ASA Sy g -5 90 T ) 2 ] 7 T
SRS LE , H 5 10 A 2 (] s P Sl A e o VHRTIT , 2 (5 REEA— 8 BRI, ho AL H LU Vo o T 1 1
T R R 20 B B A R MR R R B

0.16f
0.04} =05 02
~0.02t = 008} ~ 01
£ 0.00f 3 T . 00
5 i Ims| 5 000 ey 6 —=—,=0.1 m/s

-0.02+ — V=03 m/s — V=03 ms ~0.1 —V,=0.3 m/s
004 —o—V/;=0.5 m/s ~0.08} = —o—/,=0.5 m/s —o—V,=0.5 m/s
s 10 y 15 20 5 10 /m 15 20 5 10 y 15 20
x/m x/m
(a) FE AL V5 53 AT
0,08} *+#=0.8 m F“ =02 02l +h',:0.8 m g =05 04 +h"j0'8 m =08
—h,=1.0m p/}%\ —h=1.0 m,/>\ —h=1.0 ml /
7 0,04} o-hy=L.5 m*";' a"- \QR Do LS m#/O}K’ o 02p o-hlS m‘/ %\
;5 iy 'I‘." do x_\i\c—»_.__ 'E | x.\\ ) :E ) ‘I‘. 5
= 0.00! LMo e <00 ] § e < 0-0% ' 4 L™ -
-0.04} 0.1 -0.2
5 10 ¥/m 15 20 5 10 ’ 15 20
(b) HERIKIRA, SRS T o

02r —— H=0.42m

510 o 15 20 5 0
(c) IS BEHE AT

K6 RN AR T
Fig. 6 Analysis of influencing factors of flow velocities
3.2 WESHEMMERI N
TGS TR R S BEI 18] A AR, 8 SCIC RIS TR] T =1 % /g/h, ot BB v i ] DA A 3



38 b/ R S S N I 2019 4F 6 H

g I 28 RN 8], g D FE 7ML , H/ ho AR F00 380 5 2, 2870 i A BSG  F) J J3E o g [) — R A i Ak
(143 7 A it R 1] A2 A A7 B0 ] — 220 9 9 rb K i 2 2z i A&l 7 B o

1.6 1.8 L6
—ah=0.8m —0—H=0.10m
7 ——H=020m
I | 1.4} —=—H=029m
1.4 rf | s
R L TAD e
S S /
B 15l AV o T12f W \.\/\{\/\/W
: Ve e V=0.1m/s
f’ o
—V,=0.3 m/s D/O\"/mv o)
0 *V 05m/s a loqu
35 s 10 15 20 25 30 10 25 30 35
T T
1.6 1.6

—o— H=0.10m '\
— H=020m

14_+H029m

: VA /{-r
RGN S Wy s
= VAL \l

1.2 —MA

W e,

4\! ‘

1.4r
’\J
T 19} )\, /& \
—a— )= Olm/s
—V,=0.3 m/s \Li
1.0r —o—VO =0.5 m/s

1015 20 25 10 15 20 25 30 35 40 10 15 20 25 30 35 40 45
x/m x/m x/m
(@) Vst (b) hysZM AT (c) HW ot

K7 RS

Fig.7 Comparison of tidal bore patterns

ML T i D R T ) B AR e T BEE 38 2t B2 1 o7 B, Wit A% o A U il o
ot HEAKASE B itk 9 s 7 B ) DA e B S P A A K ) B AT A I R B e B AN S . AUIET 7 () AT LA H
Vo =0. 1 m/s I AR BGARTRTN , AR PRI I 1R BT i Ik T B L, 3 61 Vo 2506 T A BT 30 , R T8 3 oo B2 (0
i) FEAAHIA] o ) LR R LI R O Vo BRI T 350 A2 6 Aot A P BT 7K XA Sk 77 A B/ BT S, A Aefr AN
[ 2 AR I 7 A2 ) 7K 3 18] W B ™ B, DA TS 5K AR 02 80 91 BT R, Gy 7 TR K 2~ 8 o 85 ki) B
Ko MWET(b) ral LI HBEH ho B34 K, A2 E';ﬁfﬁfllm N AL TR R A T, AN TR K R ) 2 T
ARERGH 8 0 v J3E 194 S Dl M AR A2 /1, (LR 9 9 A 1 2t B — PR R, I R AR 19 B PR 7T I8 B 2 s (]
FRSEYR/IN , FEAR X R A IR ] RS2 AL 7 (e )EP_IU%&'. H =0.29 m A= J5 R0 1 Sk e i[5
S B KT A T SR I (R BR B S PR o I L BEAE H AR, T V0 1) D R AL R R, A AR T LV )
) S0 AR RV 1 v 2 ) e D L A TS R, B A I AT B ol TR A ok A b BN A R
FRAFHAR S A, MR TRBR T 1) o B 28 1) RE B 2, 7300 Sk 1) i % 3 2o o v IR 2 i i 3 K 74 P 0
SYENRENE TR REAERE H B K IS Y SRR B, DT 05 SEK AR ] 7 A2 7K g ) I B R A8 o il B — 5%
W PRZR T 5 5 ho RV H B V36 T 50 A 6 e PR 2528 A B0 526 B A Ak

4 % iE

SR B 2 BT T A4 LES ZRURARYEE 37 0 9 /K 3 7 B0 AR, ml AR e b S B0 1 12 % 1ot
AT A P K AR AR B A o 38 1 o T 0 A2 1 1o R o O R A5 R R R TS, 28 He Ay
Frn] DU LT 4518

(1) JCI 2 WK IR 14 2 BRI 1 , W fe R B TSk A, ELIM AL A e rp R B 3R T
HARJZ T iE D 2l

(2) TREVRI ] Sk 7K R 25 Sl e P LU SODR T 1 5 210, 1 990 A 7 ok A o, ) 90 3 30 0 2 T A ) 9



553 1] L AF M CFD i AU 39

(3) IHEEAREE AR T ho 1 H X1k i s sh AL A2 Ak VR AL, HA AP RE TR, 70 Tl Vi
K, B KT P B2 TRl Vo RoF T ) [ 3 o e Sl B A JCRE I , 55 1) L R/ IN A S H s g RIS 9
T ELA AR AN, R T KB o 5 T T [ Y S 9 P S S L, S N R SR IR L 5
R HAT PR A, B rh 7K T 7 2 VK21 H 55 9 T T 1 O I8 B3 P O B, 5 4 1 O
IEL.

& £ X #:

(1] XUSCHg, A/ME, skehd, S5 BRIEVLIM ML B H ) 2 R o (1], RIS PR R 22244, 2015, 30(5) : 567-572.
(LIU Wenhu, ZHU Xiaohua, ZHANG Zhongzhe, et al. Observation and dynamic characteristics of tidal bore in Qiantang River,
China[ J]. Journal of Dalian Ocean University, 2015, 30(5) : 567-572. (in Chinese) )

(2] BRI, WRAFMY, Rhidk, 55, SLFSCiUBeR & LmmK sh = me bt mtax [ 1], ke it St (A ), 2012, 27
(5):501-508. (XIE Dongfeng, PAN Cunhong, LU Bo, et al. A study of the hydrodynamic characteristics of the Qiantang tidal
bore based on field data[ J]. Chinese Journal of Hydrodynamics, 2012, 27(5) : 501-508. (in Chinese) )

[3] k&, BUAE, WA, 55 JE T mE SO B BRIV IR EOT TS [T ] K3 J2A s St RE (A #) , 2017, 32(2) .
253-259. (ZHANG Wei, HE Zhiguo, TAN Liming, et al. Dynamic characteristics of Qiantang tidal bore based on field
observations at a fixed location[ J]. Chinese Journal of Hydrodynamics, 2017, 32(2): 253-259. (in Chinese) )

(4] Bk, WArm, SR, 5. K2Rt e mr s (1], K BEURA 2, 2008, 26(4) : 136-138. ( YANG Huoqi,
PAN Cunhong, ZHOU Jianjiong, et al. Experiment study on hydraulic properties of tidal bore[ J]. Water Resources and Power,
2008, 26(4) : 136-138. (in Chinese) )

(5] mAsit, WM&, Moicr, . W\ sk B aaSmmrse [ 1], TRR: 5EOR, 2018, 50(1) : 28-35. (YUE Shubo,
ZENG Jian, CHEN Yongping, et al. Investigation of aeration of tidal bore front by physical experiments[J]. Advanced
Engineering Sciences, 2018, 50(1) ; 28-35. (in Chinese) )

(6] WA, Wfrly, BiHe, 5. ERIFVLI DML RREUE RIS [T]. W22 i (T2 , 2012, 46(6) : 1128-1134.
(XIE Dongfeng, PAN Cunhong, LU Haiyan, et al. Study on propagation speed of tidal bore on Qiantang River[J]. Journal of
Zhejiang University ( Natural Science Edition) , 2012, 46(6) : 1128-1134. (in Chinese) )

(7] 2k, skoliiw, bR, 2 W& il K s D Rt B e R mrsE (], K1k HL“#4R, 2017, 36(12) : 105-120.
(LI Daming, ZHANG Honggiang, BU Shilong, et al. Mathematical modeling of hydrodynamic characteristics of tidal power
generation test field[ J]. Journal of Hydroelectric Engineering, 2017, 36(12) ;: 105-120. (in Chinese) )

[8] LUBIN P, GLOCKNER S, CHANSON H. Numerical simulation of a weak breaking tidal bore [ J]. Mechanics Research
Communications, 2010, 37(1) . 119-121.

[9] LI Jing, LIU Huaxing, TAN S K. Lagrangian modeling of tidal bores passing through bridge piers[ J]. Journal of Hydrodynamics
(Ser B), 2010, 22(5): 513-519.

[10] Mhflats, XPEHE, mHyis, 5. WFEah CFD BRI [T ]. Ko #roe Sk (A #) , 2017, 32(6) : 696-703.
(LIN Weidong, ZHAO Xizeng, YE Zhouteng, et al. Numerical simulation of tidal bore using CFD model[ J]. Chinese Journal
of Hydrodynamics, 2017, 32(6) : 696-703. (in Chinese) )

(10] Gl MR, S804, A% TR 00 i i v it LT O = 4B BB [ D). KTy & 274t 2016, 35(10) : 12-20.
(QI Lan, CHEN Hui, FEI Wencai, et al. Three-dimensional numerical simulations of flows over spillway dam using accurate
river terrain[ J]. Journal of Hydroelectric Engineering, 2016, 35(10) : 12-20. (in Chinese) )

[12] B =, 37, =, 55 SEUKRARERIEEIDIFRELT]. KADKIE TR, 2016(4) : 18-26. (XUE Wanyun,
GUO Ning, WU Shiqiang, et al. Impacts of multiple bridge piers upon open channel flow based on LES[ J]. Hydro-Science and
Engineering, 2016(4) : 18-26. (in Chinese) )

[13] ZHANG Zhiyong, SHI Bin, GUO Yakun, et al. Numerical investigation on critical length of impermeable plate below
underwater pipeline under steady current[ J]. Science China Technological Sciences, 2013, 56(5) ; 1232-1240.



40 KoOF Ok B T OB ¥ W 2019 4 6 J

[14] BRBR, s, XIS, 6. RSk M i — 7 18 1K 3h 7 e PR BCERCAL LT ] KRl KGs TR 224, 2017 (1)« 87-94.
(CHEN Qiong, LI Yun, LIU Bengin, et al. Numerical simulation of hydrodynamic characteristics of single-leaf gate of high-
head navigation lock[ J]. Hydro-Science and Engineering, 2017(1) : 87-94. (in Chinese) )

[IS] fiixdds, #ibE, TR, 4. 5T SPH Jr ik Ml B E AT [ C] /% T s P e (OF) TRERII 2,
2017 289-299. (NI Xinye, HUANG Shichang, FENG Weibin, et al. Numerical simulation of tidal current based on SPH
method[ C] //The 18th China Ocean ( Coastal) Engineering Symposium, 2017 ; 289-299. (in Chinese) )

[16] WA, G, W0 BRIFVLIN AR S B E AL T]. K AI7KiE TR %4z, 2008(2): 1-9. (PAN Cunhong, LU
Haiyan, ZENG Jian. Characteristic and numerical simulation of tidal bore in Qiantang River [ J]. Hydro-Science and
Engineering, 2008(2) : 1-9. (in Chinese) )

(17] il Sm i k 22 P A B RS FFE [ R T AU W7V K AT B F5E B, 2017, (YUE Shubo.  Experimental
study on turbulent characteristics of tidal bore front[ R]. Hangzhou; Zhejiang Institute of Hydraulics and Estuary, 2017. (in
Chinese) )

[18] KOCH C, CHANSON H. An experimental study of tidal bores and positive surges: Hydrodynamics and turbulence of the bore
front[ R]. Brisbane; University of Queenland, 2005.

Numerical simulation of tidal bore based on CFD method

QI Lan', XIAO Tingting' , ZHANG Zhiyong”, HUANG Junbao®

(1. State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin 300072, China; 2. Key Lab of
Estuary and Coast of Zhejiang Province, Zhejiang Institute of Hydraulics and Estuary, Hangzhou 310020, China)

Abstract; The tidal bore is a kind of nonlinear strong discontinuous flow that has great impact on wading
structures. The small-scale fine simulation of the tidal bore is the premise for analyzing the structural stability of the
wading structures under tidal action. The large eddy simulation technique (LES) is used to solve Navier-Stokes
(N-S) equations, and the volume of fluid ( VOF) is selected to track the free water surface, and the boundary
condition is determined by the tidal theory based on the tidal velocity and water depth conditions. The research
results show that the tidal bore propagation velocity obtained by numerical simulation is close to the theoretical
values. When Fr <1.3, the tidal bore is undular and is characterized by a marked roller when Fr >1.5. The zoning
of tidal bore morphology is consistent with the previous experimental results. During the tidal bore propagation
process, the flow velocity at the tidal head is the largest, and the fluctuation of the surface velocities is always
greater than the fluctuation of the velocity in the middle and lower layers. The lateral motion of the breaking bore
head is stronger than the undular tidal bore. The simulation results also indicate that the water depth before the
tidal bore and the height of the tidal bore are the main factors affecting the fluctuation and shape of the tidal head
velocity. The simulation method of the tidal bore provides technical support for structural design and safety

assessment of the wading structures in the tidal bore reach.

Key words: tidal bore; large eddy simulation; flow characteristics; VOF



