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Calculation of earthquake-induced hydrodynamic pressure considering gravity dam flexibility// WANG Yi', HU
Zhigiang” , GUO Weidong' (1. College of Water Conservancy, Shenyang Agricultural University, Shenyang 110866, China;
2. Faculiy of Infrastructure Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: To accurately simulate the hydrodynamic pressure on a gravity dam face during an earthquake, a computing
method considering both the flexibility of dam body and reservoir bottom is proposed based on the seamless coupling theory

110866 ; 2. FEH T ARFHE TR T K 116024)

of finite element method and scaled boundary finite element method. By using the scaled boundary finite element method,
semi-infinite impounded water can be modeled with high efficiency and accuracy with only discretization of the interface of
the reservoir and the dam. In addition, water compressibility and the effect of absorption from reservoir bottom can be
conveniently considered. Finite element method is employed to discretize the dam body and the dynamic response of the
dam-reservoir system can be solved by the hydrodynamic pressure on the dam face. Numerical examples show that the
hydrodynamic pressure calculated by the proposed method agrees well with that in the literature. The hydrodynamic pressure
on a gravity dam face can be reduced by dam flexibility and it decreases with a decreased reflection coefficient of the
reservoir bottom.

Key words: gravity dam; scaled boundary finite element method; earthquake action; water compressibility; hydrodynamic
pressure

— AR, KIN-PRK Bl 3 A Tn) s 432 56
T, UHRTE MR AR A X KRR A ()22 42 5 2 9%
DIRAOG o BT RN K R GERY 3 A EAE FIBFSE,
FEBER BUAE ] A AR R A 1T 30U i A2 gk
1. XFFaKE s, i T VVestergaardm #
HH S B B e, 22K )R] R AR S
HR TR A R E R 1) 2 M 1 T 3052 7K P J7 Ta) b
SO0 T SUE ShK R TR A TR,
Chopra > 7RI Al 14 5 T 32 AR 7 17 b 7% 3 4
Jilt , 2% &R K T FE 46 1 9 — 2k 3 3 0 Bl K AE A
SN S ) i AT i . BB AT BROTTT 12 (FEM) 1Y
KW % J& , Chopra 587! it LI 2 K HE 1 647 T

ARRSE R FEM BT 7K i AT 4 1 S 2 i A
J 3 RSO P X6 S0 TED 203 7K R g 1) S i), 48
FHM 4 o 7y 300 3] = 4EHEIT SR BR T R3-
K R G K 2 ToRR AR R FEM I AEAE R
BEREHUR KK X, S EOHEALN A S A
TR R o — 5 TETHR D JovE S 842 T
PRI 22 /K 1Y) 58 88 BRI, 25 WL B 28— 5 B
P RN — R 321 B AR R AU T R B, A2 )
BB 9% 5 B T B Sommerfeld #7 5 4% {48 ,
Sharan'®) 8 i TR NP JE T, $2 T —Fh B b A3 5k 1)
TR, T B U P DK, BB A 2R 3R
B BB A8 RAIE A B 0 B2, O T Jsl i it i,

HETH AL TEHT TR H (LSNYB201616 ) 3 Pk B4 KU RMIFIE 45 (20131003 )
YEZ R FH(1983—) I PRI, i+, FZMFK T HRE TADFSE, E-mail : wang_yil103@ 163. com
WAEVER . BAEAR (1969—) T, ZBd% , Wit FENFIK TR %5, E-mail : gwdly@ 126. com

- 38 - KA R A ,2019,39(3)  Tel:025 -83786335  E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



T e FEM PR IXCES BB A K Y 0] A, Hanna
AUV TS BT T (BEM) X R 3-PE /K 3 1 A0 BAE
AT THRSE, 85 R, £ —E M EXIERT,
BEM REW8 A A5 K g U 27K 77, HRRBEAR T
TR (0 RRXS T/ B0 X AR A R 4% 21 0L
FEAS

VLB 22 258 1 M 30U i i, RIS 2% p 4l g
FMER g, L EEEH T SR R
HEAT R I K AH B AR FH 43 B vh AN AT 2200 R TR 3R
B TRV AATE 78— 8 TR L L GRA% H) 55 Hb =
YR BEARTSIUA 18 30 T3 VR T, DA B3 ARG S0 4% P 5
WAL o A7 T BRSSP A i AR S P G S PR o 43
a0 157 AR 5% Wi, Bouaanani 28" 14 g 76 450 e o 4 &
T RIS K Fe 7, 3175 1T PRI SRR 2 e 5 T
J& Bouaanani 25" R FIRE A M 5 5T T WA SR
PERYFE IR FESU R A T I B K 7, [R5
TOK P FER W R, A5 3 TR R e 1 25 2R
{HHSR A BRI Y 3 A AR 75 22 B 0 o 11330
DXFIA I THR S i B 55 fE— e R B3 T
THE & WHHRERCR S E A R, B BUE 5
R BT — R A Dy i —— e i R PR
JUJT¥E(SBFEM) P 5T BEM (B4 {U xR
i L) 0 SR AT B R, N R G481 T ) AR 3
TTEATR A, HJCTE BEM Hh & AR py 3 AR | i T H
fRTEAT A Bl /2 JC 55 1 Ak R 5 S5 X TR gl
TCRRIRB ) B &, 78 SBFEM AESE T XK
W FEoK A EAE MR A T4 8, Lin
AT SBFEM HE S T 4L T A A5 48K B K 7,
XRSE Bl e 5 R AT T IR RS, 45 R R WX
T VAR A R 0 PR 3 2 7K B AN BE % A i B BAAEG 11
Ao, FRBORIE LR B | WX 7K A AT He 4 1 A
PEJC W WS AT )5 2% J8 . Wang %1% 5k il SBFEM
X 0 R 2 K 32 B AT B, AR YT SR SR A%
B FEM SR A, B2 0 T —Ff Jo RS Y I G
TR AR B T Y I SK R R A

ARSCHE B | 25575 AR 2 I SR R Y
SO 4R — P LT SBFEM 1 FEM #5-4 BES f5R
fif RN 7K R e v A Bl 7K R 887 s, I i
BAFIXHZ T A TR, S T WUAZE M K AT R4
A T DG S S5 R 5O LRI 17K R T B 52 ]

1 KWl FEKREEALTIE

1.1 KMEXEZHFHE
TEMGESERT , % i B K X KNG 3 77 48
HAER, RIS ks gl 7 # AR E FEM A48 4
Mii + Cii + Ku =— Mii, + F (u,u,) (1)

K. M C K 53 RN 2 BHLJE A NI R RE
di i 53k VA E H SR Sl AR FH T 7 AR R AR X s
JE GRS sii, ARSNGB  F, gl T
b FE SR A AR F R IGA K T 4 B K T

A3 (1) AT, 25 BE A 2 A6 Hb 2 1 R 3T oy
SZ BRI T, BV A] A5 S A B AR Bl g Ry %
T RPE LA LR PR AS 7 AR R X T i 360 7K 1T 4%
S BIK R F1A 5 15 il 1 7 Sh A 5% 5 T % SR 30 A 2
PERFZ I, T 7 27 2l 7K R 5 KA Bz sh % )
FHSG , PR Bl 7K R g 5 A e i 24 A C R, W
HEAT AR, & 25 FE IR M i X e 7K A
HAE TR A 00 G
1.2 FEXERIZHHE

FIFH SBFEM X2 Jg BRIk i 122 7K SR AT 2 155, 41 AH
Iy 0 WAEKIE Tl o5 mab, aniE 1 s, it
K FERY R R TH TFAT, 5 SBFEM B AT
ISR -5 R A8 5T BT S B0 B A SR figk K
S R AL, JC T S I AT 5, DA
b fRT A X JE K Y B

B1 EXk-EHIRETEE
B 7K SRy AT R 4 /N Bh 2R SR AR, R K HE
FEARAFBR A  R A R
Vi - i =0 @)
K VRS R E s p AR 5p o p WTEE
(B 1) B 2885 ¢ SR oK R D7 5, AN 25 TR R K T)
JEAEMERT e BT To55 K, R (2) IR Ak 8 B
T,
X TR PEIX. | 2066 J27 7K 3 T W s o 7 I8 i) A
A, AR e K SR e R ad f R & AR 4R K
Fm A AR
p=0 (3)
WK A2 T ik e N ) SRR
p. = pi, (4)
X p IR AE FE TR 1Y 37K T T3 1 AME LT W)
W FE 0 FIEIK S BE s, SR IS 1m) sk B
J2E BRI 35 1 700 R 45 1 R T Fenves 2500 4 1
SO TSUR S S U
P, ==pb, = qp (5)

KA R A ,2019,39(3)  Tel:025 -83786335  E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn -39 .



1l -«
H L@
Hn 4 c(l +a)

2o, R T RS R 5 5% 3] 1 b 7R Bl ok 1 o
q RIECHN SRS E R 55 p A p KBS ] A —
B FHG o MR R G R, BN [0,1], 4
a=0 IR R 4 SRR, BT AT 9 4 9 34
RHSEAR RS2 a=1 B R 58 4 Wil 441,
iR (S) HEMTIE ALl Sommerfeld i1 5444,

JCo5 AL IR 25

p,,,=—L (6)
C

I TA SR SBFEM, X, R(6) 2 [ 3 L 11,
TR S 5 B ) AT R AL B
18 A A 7 0ok P A 1 2 R A i L 4%
AT BB TTAS 57 SBFEM HEZL T B3R 37K I
Sy TR, SCHR[ 14145 T BRI A S 0o A I HOR
ft B oK R 7 (AR S T 6
F(w)=-AM(0)lii (o) +i(o)] (7)
AP A SRR A G K T A 44T
TETT PRI X B L T ) 5, () WS 7% B)

T B i (o) S MRS T LA A 3857 £ ) Atk
FAXT NGRS ;M () i SBFEM {4 2 A4 45 AF 56 B
LHRR o X,
1.3 XI-FEKERGEHBEIEIHIE

AT Bl K T O B AR IGE 3
FEATT R, AT A 2025 R IR S M 5 ) () R - PR K 2R
S {OETBL REaws) g

(-’ M+M(0)] + (1 +in)Klu(w)=

-[M+M(0)]ii (o) (8)

Hrr M (w) =AM (o)
K.y AERIEERLE L ;1 FEEECAN M, (o) NI
PN H B s () S R B R SR P37 A 1
W

JrFE(8) I BT R 5A T I KA LA ) i
FATISGZ 20 7 A, 8 s 6 WU 8l 7K Fe i) SBFEM 3R
i AR BB TN BT i AR 2, SRR -
KRGS A AR, 2 T FE(8) W1
BN ZEPEIE T A LA 7 AR 5 AR (7)) BT X 4
T sl 7K i 7 B4 7oK g, T et S BT 6 044 22 1 1
1.4 BEXIMAE

ASCRFH A %% FORTRAN iHEFT, i T %
JE A 2P T MU it R sh K O T R,
PR SN

FT|1L WAEH S, SRR ANSYS Xf

HEASIUATEAT A BRTT RS 51 53, A% 751 43 7T AR 41 5
BEIEATAI AN . MO T B A BR il
WK TE F B K9, AT SBFEM HEZL R AL
HiFE M, (o) SO,

HE2  SBFEM R M, il S Ol
TS FIGAE B 7E SBFEM H AR R R, SR A K i
M (o) .

SE3  WGE s R A, Gl ]SS
JC FEM U247 7 (8) Hh A A R I 2 15 Jo 2 AR
W, 7 FEM HEZETR SE00 75 2 (8) AR A, 45 31) 0l
AR AT AL 7

B4 WUEIKE SR, W R (7) K
i U B 7K T, S B A PR 25

2 HHIIEIE

T R T i A A SRR 12] R
(1) Pine Flat — 4 JJ NIRRT 240
KHSCERL 12 ] rh B0k, Horb &0 121,92 m;
(152N < B AR k1 T N N N1 4 i A
0. 8; K IR B 1 5 P85 o 35 GPaj it & 2% B2
2400 kg/m’ ; TARA LR 0. 2 BEAFBEJE L 7 0. 10 1
IR, IR KR H=121.92 m; JFEK T RBE N
1000 kg/m’ ; K H 7 I 5 38R 1440 m/s, KINK
M AN E 2 s, AR BTHCR 192 A4 S0 1
BTG, HRE SRR A K F T ] AR R M R S

277
%
<

o5

77
Z77
'I

77
75
%

77

"'?,
2z
'I

77
57
I’I

7 7/

/)
/7
27552

7,
X7
15
%%

),
I
7/
o
s
S

[/
17
Hi
I
2
o)
9’
2,

[/
HH A

B2 Pine Flat M MEE 5>

2.1 RIES®E

&l 3 FE 4 4350 25 T WIS 3l 7K R T A
PR ZABIK R T = AR A th 2 Bl ¢ hE )
TNTHEE sp A EKE T 0, RAKE RS — B B R0
B TCE IR LIRS o, B9 HH, SCHR[11]
25 th AN R IR 2 1 R 2 7K T e 4 s L
TREIE BSR4 SCRA SBFEM 48345
(7K 3 A R S i 2 N sl 7K e ) v s FE o3 A, 3
5SCHRL L] A3 A = B — 30, R W T SBFEM 7E3K
fBI7K e A 50, S T ) 22 R ST 45 SR % L
PO T AT AR LRIIE,

+ 40 - KA R A ,2019,39(3)  Tel:025 -83786335  E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



— XHER[11] Figf#  — SBFEMil-H 45
0.6 - 04 r
0.3
= 0.4} 2
v&" 02
R 02! B
L 0.1 x
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
TG EE AR JE AT TR
(a) @=1.0 (b)@=0.6 (¢) «=0.2
B3 NI Eh ok E 570 eR i i 2k
— CHRI11]PRigM# - - - SBFEM il 5 &5
w/w1=0.8 w/o=2.0
w/w;=2.0 w/w1=1.0
w/w=12 w/wi1=0.8
) ) . ) ) : ) ‘ w/wi=12 ) )
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0.2 0.3 0.4
|p/psta\| Ip/ps(all Ip/pslall
(@) a=1.0 (b)a=0.6 (¢) =02

B4 RUEMEEIKENBSESS %

FEAERUINR 220 T HARTR X TR N THR AR 5 50
MR 12 ) BB AR50 — 2, JEHAE TR B 5%
AT FEL N, T4 SR B W o

2.2 FHI®E

Bl 5 FIEL 6 4l 45 T Z2 3 s 7K 77 45
PRA RN Bk T i B oA, THEREE SRR W,
ASCR M SBFEM HHAERYAE R S5 3CHR[ 12 JHUEMY) 2.2.1 IR FE R HH
B RAF ATEPEZK I 55— B R AR — B 1 PR 32 B ik A3 RIS WA 201 5 52 1 400 i 8 7K e T 3

0 1 2 3 4 5
(a) «=1.0

| D/ Pgia|
(a) @=1.0

— CER[12] 5 ffifi#  — SBFEMi|44E R
0.6 -

0O 1 2 3 4 5 6

(b)ax=0.6
B 5 SFEIEshkE 550 S £ g £
— SCHRCI2]%0fEE - -- SBFEMIUIH 4R
1.0
0.8
w/w=1.2
T 0.6
04 w/w=0.8
mw/w=1.0
0.2
, w/®=2.0
0 0.1 02 03 04
Ip/psmll
(b)x=0.6

Eo FENEZKENBSES ML
AR A K A 3R ,2019,39(3)

Tel :025 -83786335  E-mail ;jz@ hhu. edu. cn

0.4

0 1 2 3 4 5 6
(c)a=0.2

| p/pslall
(c) «=0.2

hittp ://jour. hhu. edu. cn - 41 -



M) R I e R % L T, R B B R A R LA 22
XU 8K 77 B 52 ma 8 3%l T U SR 1 1R A7
1, WU U7 37 8K R ) &R AR AR 2R K R By
H R P, WU A9 317K R T 2RISR A K 2 =
W B, WLTE Y Bl 7K H 3 AR (K R B R AR
w,=2n-1)me/(2H) , K n=1,2,---) X 2K K
FEAK EARIT 1 P00 23 B 30, LR Py = 2B Tk
{14) 5 b 52 SISl A 1) 5 ) P00 R XS 38 B 5 7 v A0 By
B IVAA G 7= A T 5 i 5 sl AF 5 1) 6 #R
TN LB B, DT REEARR 1 S04 S P X 485 g i 37 14 5%
e, 2R B IR ) 5 i st e — e R B 59 T R
5 VR FHAESH RSk T,

I Bl 7K i s R oA (1 4 FiEl 6) n] LA
F i WA X WU S K R 1 R = A T —
FERFEI , HCSE e A PRI B 2R R el /N I 8
WK, UHAE SR B, H T IWUAZE PR AEAE , 0T
7K TN A NI 37K e 7 A4 26 53 A
T WG AT AR 2 i, S0 E i 37K 7 14 {E
2 NI 5 ) 0L 13RS 3
2.2.2 ERTELMAZE

A R FICT R 2 SR (] 3 FNIEL 5) R BA R K ]
JE 4 X A B 7K R T B B &, N2 B K T
FEGEPER WU BT 32 B 37K 1 5 = sl i b i 4
RIGK, R 3 ME S Hn] LR BUE BT IR (E
7KF- B4k, BVAS S 2R 7K AT He 4 M msd, 0T 2l 7K e
i —E(H, H 575 FEPE/K nT R 45 M i A (A 45
TR G A R I AR B B, PR K A T R 4 M 2
PN LT B0 7K R 7 fR Ak A B 7 = 4 B B AT
IR T IR S K R WA T X T A Bk
T T A2 B BIK T A AR AR B, 25724
B A 5% 255 S 28 R il B — 5 < J2E /K B R 4 el 40
A B4 W 7 5% e A ] A M B 5 {HL BB S A A 1Y 2
JE K B R AR PEXT K I- P K 2R oA A B2, TRt
P = e Sl 8 7 N 3 o W R i e = 29
2.2.3 ERRERH RN Y

Bk A5 R 4G R (B 3 FIEL S ) Fsl K
TR AR A (4 T 6) BRI R 2RI PE 0
PRI S MR IUA | T2 S S 22 B5OGT 0L TET 31 7K R 1Y
S AL R T — B, RIBEE S5 R B REA, P
TR AZ 109 8l 7K R ) AR 2 T R AR, 3k SR BH K 1 32
P, BIZE DX AR WP T, DA R 3PS 22 P %o R 01— 2 7k
S EAE RS2 B, B A TR & A P E
PERE, PRI A B A 22 120 0 S S 3R g g T 45 28
A bR R I K R G 8h 1A BAR R IRl

i, NEMWE MRS R LA,
SBFEM 753 2|45 1 5 3Gk [ 12 ] BUEMAEF W&, %

A AR SC T4 Dy 3 0 SR i AT S5k R 40— 28 /K HH B A FH 1]
MHEF AR, WRIEIE i 45 5Kk F |, SBFEM 153
MIZER 5 SCER [ 11 ] BSR4, % B SBFEM
Xof 2R it 2 G IR S5k 35t 3 1) LA PG A L A AR SR 4B
Hh JO T B I T BR8UZE K A A DI, AN B AL T
JE DX 5 R AE LT A 17 S A A FEM B Bk
FEASKIR BEM 25 U AN 11 B3] AR 53 i D
FATFEHAEAGR E ST, BIRBITT ARG

3 5

a. ARSCHR T — K fif 57 SR M 8K
FE IR 5T L RE T (825 R AR S P e i 5%
PERYZIE , B REDRIETT SRR T A L

b SR SE X U 2l 7K Fe 7 19 52 0 49 T 3t
RSN . R B, WA AL REAS 1 R R 45¢
AR, AF BAE i A3 B HE RE R AR Gy i, LA
AL EZ M I B R T 3 A BB 2K, K 300 155
BUT ST Bl 7K s g 5 B R D0 B e o A SRk
BUHHE LT, Sk T 80 A e 208 T AR AL, e
HAE = R B R B N W

c. IR B 200 Wi 2l 7K s I3 BA S W
A | BEE SR AR 30T B R A2 1 3l K
A ] i (8

SE .

[ 1] WESTERGAARD H M. Water pressures on dam during
earthquake[ J ]. Transactions of ASCE, 1933, 98. 418-
433,

[ 2 ] CHOPRA A K. Hydrodynamic pressures on dams during
earthquakes [ J ]. Journal of the Engineering Mechanics
Division, 1967 ,93(6) : 205-223.

[ 3] CHOPRA A K,CHAKRABARTI P. Earthquake analysis of
concrete gravity dams including dam-fluid-foundation rock
interaction [ J ]. Earthquake Engineering and Structural
Dynamics,1981,9: 363-383.

[ 4] HALL J F,CHOPRA A K. Dynamic analysis of arch dams
including hydrodynamic effects[ J]. Journal of Engineering
Mechanics,1983,109(1) ; 149-167.

[ 5] FENVES G, CHOPRA A K. Earthquake analysis of
concrete gravity dams including reservoir  bottom
absorption and dam-water-foundation reservoir interaction
[J]. Earthquake Engineering and Structural Dynamics,
1984 ,12 . 663-680.

[ 6] FOK K L, CHOPRA A K. Earthquake analysis of arch
dams including dam-water interaction, reservoir boundary
absorption and foundation flexibility [ J ]. Earthquake
Engineering and Structural Dynamics,1986,14 . 155-184.

[ 7] FOK K L,CHOPRA A K. Frequency response functions

42 - KA R A ,2019,39(3)  Tel:025 -83786335  E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



[8]

(9]

[10]

[11

[

[12

[

[13]

[14]

[15

(-

for arch dams: hydrodynamic and foundation flexibility
effects [ J ].
Dynamics,1986,14 . 769-794.

SOMMERFELD A. Partial differential equations in physics
[M]. New York: Acacemic Press,1949.

SHARAN S K. Time domain analysis of infinite fluid

Earthquake Engineering and Structural

vibration| J ]. International Journal for Numerical Method
in Engineering,1987,24 . 945-958.

HANNA Y G,HUMAR ] L. Boundary element analysis of
fluid domain [ J ]. Journal of the Engineering Mechanics
Division,1982,108(2) ; 436-450.

BOUAANANI N,PAULTRE P,PROULX J. A closed-form
formulation for earthquake-induced hydrodynamic pressure
on gravity dams [ J ]. Journal of Sound and Vibration,
2003,261(3) : 573-582.

BOUAANANI N,MIQUEL B. A new formulation and error
analysis for vibrating dam-reservoir systems with upstream
transmitting boundary conditions[ J]. Journal of Sound and
Vibration,2010,329; 1924-1953.

WOLF J P,SONG C. The scaled boundary finite-element
method-a premier; derivation [ J ]. Computers and
Structures, 2000,28 :191-210.

LIN G, DU J G, HU Z Q. Dynamic dam-reservoir
interaction analysis including effect of reservoir boundary
absorption[ J ]. Science in China Series E: Technological
Sciences ,2007 ,50(1) : 1-10.

kg ] bR | ST AR — OB A SR A 30U 2K T Y
ATk ]. RS b7 ,2009,28(3) :31-34. (DU
Jianguo, LIN Gao, XIE Qingliang. A new semi-analytical
method for solving hydrodynamic pressure on dams[ ] ].
Journal of Vibration and Shock,2009,28 (3) :31-34. (in
Chinese) )

[16]

[17]

[18]

(19]

[20]

ER Mg IR, BET SBFEM (1'% ) il 72 7 Jy 3013
KIS EWSE ()], Rl 5 vhis,2014,33 (1) - 183-
188. ( WANG Yi, LIN Gao, HU Zhigiang. Study on
hydrodynamic pressures of gravity dams subjected to
vertical earthquake component based on SBFEM [ J ].
Journal of Vibration and Shock,2014,33 (1) .183-187.
(in Chinese) )
FE AR IR, B KR 1 ISl K
SRAFLIT. VLB Tl K22 42, 2014,36 (1)« 114-120.
( WANG Yi, LIN Gao, HU Zhiqgiang. Solution of
hydrodynamic pressure on gravity dam with considering
characteristics of impounded water [ J ]. Journal of
Shenyang University of Technology, 2014,36 (1) . 114-
120. (in Chinese) )
WANG X, JIN F,PREMPRAMOTE S, et al. Time-domain
analysis of gravity dam-reservoir interaction using high-
order doubly asymptotic open boundary [ J ]. Computers
and Structures,2011,89; 668-683.
FH, AU BloK 3 E BUUT P S T G i A
LB S (], KA 274, 2011,42 (7) : 839-847.
(WANG Xiang, JIN Feng. High-order doubly asymptotic
time-domain plane transmitting boundary for hydrodynamic
pressure I; theoretical derivation[ J]. Journal of Hydraulic
Engineering,2011,42(7) : 839-847. (in Chinese) )
FH, AU BRI s B U S T G i A
.3 PERE [ T]. K F 24,2011, 42 (8) : 986-993.
(WANG Xiang, JIN Feng. High-order doubly asymptotic
time-domain plane transmitting boundary for hydrodynamic
pressure II: computational performance [ J]. Journal of
Hydraulic Engineering, 2011, 42 (8 ). 986-993. ( in
Chinese) )

(R H 12018 -04 - 13 %l . TH3)

S S G GG S G S G G G GO G GO S GO S G SO G GO P G GO W G G S S G WY WP G Wy

(L8537 1)

[14]

[15]

[16]

XK, FER T, MR, A RALZALBUK = e A KR
TR SRS (1], EFREERE, 2016, 36(8) -
2364-2370. (LIU Chang, DONG Zhiyong, CHEN Le,
et al. Experimental study of Escherichia coli killed by
hydrodynamic cavitation due to circular multi-orifice plates
[J]. China Environmental Science, 2016, 36(8) : 2364-
2370. (in Chinese) )

T, HEH, BN, 5 YA SRRk A
R KK PR I A iR e WF 5 [T ], K R L2
#z, 2017, 36 (9):. 75-81. ( WANG Lei, DONG
Zhiyong, QIN Zhaoyu, et al. Experimental study of
pathogenic microorganisms in raw water disinfected by
hydrodynamic cavitation in variable diffusion angle Venturi
tubes[ J ].
36(9): 75-81. (in Chinese) )

HEH  ZRIRF. AR AR S B UK A AR

Journal of Hydroelectric Engineering, 2017,

KA A A 2019,39(3)

(17]

[18]

RIGTK g S A= By R B Foe [ 1] AR ALK FIK H
JAESE (L ABIERD) ,2018,39 (1) 3135, (DONG
Zhiyong, QIN Zhaoyu. Experimental study of pathogenic
microorganisms in raw water by Venturi hydrodynamic
cavitation with varying throat length-radius ratio [ J].
Journal of North China University of Water Resources and
Electric Power ( Natural Science Edition) , 2018, 39(1) :
31-35. (in Chinese) )

HAMMIT F G. Cavitation and multiphase flow phenomena
[M]. New York: McGraw-Hill Book Company,1980.
DOULAH M S, HAMMOND T H, BROOKMAN J S G. A
hydrodynamic mechanism for the disintegration of
Saccharomyces cerevisiae in an industrial homogenizer
[J].
845-858.

Biotechnology and Bioengineering, 1975, 17(6) .

(ks F1197.2018 -03 - 16 4kl . T 7HE)

Tel ;025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn + 43 .



