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Numerical simulation of hydrodynamic characteristics of bubble curtains//ZHAO Wenbin', HUANG Xiaoyun'?,
XIA Bo'”*, CHENG Yongzhou'?( 1. School of Hydraulic and Environmental Engineering, Changsha University of Science
and Technology, Changsha 410114, China; 2. Key Laboratory of Water and Sediment Science and Water Disaster Prevention
of Hunan Province, Changsha 410114, China)

Abstract: In order to understand the mechanism of bubble curtains in shallow water, clarify their hydrodynamic
characteristic parameters, and investigate the influence of water depth and air supply rate per unit width on these
parameters, a numerical simulation study on the hydrodynamic characteristics of bubble curtains was conducted using
OpenFOAM based on the two-fluid model. Methods were proposed for the estimation of vertical velocity, horizontal flow
velocity , and maximum efficiency of bubble curtains in shallow water. The results show that in the range from a water depth
of 0.5 m to 0.2 times the water depth, the central velocity of the bubble plume remains constant along its path, and the
horizontal width of the bubble plume increases linearly. At a distance of 0. 25 times the water depth from the bubble
curtain, the surface flow velocity reaches its maximum, and the thickness of the horizontal flow is the minimum. Then, the
surface flow velocity decreases linearly along the flow path. The horizontal thickness ranges from 0. 15 to 0. 4 times the
water depth.
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)BT R 233 IS P8 IF KT M B e b
FERIE G ORI RAE TR i a1, s/
GRS M PRI I T, SR I 15 1 A BBl A ek
SR, K AP B B T A S AR T . FRT,
— R R B TS A AR AL AT R
e oK NI LA RSBl U K T <
St o AR AR 5K A1 2 Ji K
R—[aliz gl 7 A 1) BRSO, 19 Rz 3 ry <
P 21 7K I R A A O e, B 7 1 A 3 B
MIRIZ . MRS LR Ry A7 OB E I P

E£WA . FHEARPEEAm FIHE (52171245)

YEH N iis 2K R )2 I EKCE I /R T e
S HET, RO R RS, HE N E
WL PR IG A SE . Bl S SRy 20 i i % ik
B A 9T T T R S A M T e ) B R
Cutroneo %138 33 M HEEEE BB DK T A W]
IKSCEAF FARMHFEFEE R 228 % R 1 CFD 1
B RS TR N B B Cheng
VRS T AR R A5 1E R A R R W
AR 3 1 2 R IR IR T I X T R A
1 o 1D A ENE % %y e SO 8% N1 S = B s M ] U 31 = R

EETE T S (1999—) B8 B0 50 A, EEMNFHH ST, E-mail :249333591@ qq. com
BIEEE . K (1980—) , 8 Ml W14, FENFIEHEN FHMFSE . E-mail ; xiaoyun. huang@ csust. edu. cn

- 16 - KA K A ,2025,45(4)  Tel:025 - 83786335 E-mail :jz2@ hhu. edu. cn hitp ://jour. hhu. edu. cn



—E MR T, RO 5K 5 A<
FEPRIER P S/t i (U Z ERUIUBL iR rby . BV 3 S
AN, A FR B T B B
Y/ G = =S - RN 3 cUN N TN
T A T, AR R R
YRR 5 K 3 1Rt 2 UM G

P UL HE K B v 0 BRI B 58 7 1T, Taylor
S5O I HORY IR B S e R R T AR R K B A
T 5 Abraham 450 {5 52 P15 1) L 38 RE S5 98 3 40 A
PR T AU P AR Y Kobus' 2 AR 4 I & A1 8 R SF
FE 7 R LA T PR A BB AR ; Cederwall 452
FIABIR R B TR PR Brevik 7 3
TN GE I e 305 B T T AR R K B B
B AE 52 WF 9T 5 1, Bulson'* T Rg % M 3K
Trafalgar ffy 35 FF J& T 0 %8 7K 3 J7 F¢ AE BF 5%
Kurihara ' JF & T 1032 1 I 7R B0 5T ; Tekeli
VISR TR AL LT MR AR s Tsang T 2 HY
TR RGR B A S FRIE ; Leifer Z57% JFJR TX
WRFES K B TR EDE 5T, AR LIRS A T
R T AIF KB I RHE (HIRAFTE AR, Bk
PR S HHE K B TR IR R AN IR A T
PRI 1 2256 A B S 20 X T e RO R A R
AR, AR, R T HE T A A, K
U032 T AR I A R o A I 7 A I K TR T
THETE ., POAH TR Y g L 2 3 T AR A
AP GZAERR B VOF 5 s $E SR A i A8 1k,
T /N ROBE A% 20 i 3, T3 AR =5 . Dhotre
SR FFDORLIE (AR RS K R B S P i i 3
B BRI A SR P 22 B R FE A K AR
PEATAREANL, AHAS T P AH A Y | UL A AR 78 JE 75 4l
PEAHIIZ B, 7 e A M A AR Ak 39 2 3 P K-
SAEAEA BT B AT B A TP A RSE
£ & 3 ol SO 1 B e a1 21 B S W U AN A8 P VA N 3
FHRUT AR G038, (35 T U0 AR 7R 1 A< i
KSR A DA FE IR AR Z I

SR R 2R B S VR FHAILAR , AR SO 03 A
FEAY 32 ] OpenFOAM 548l Z A i T 00 N At 5
JE Rz o, AT PS5 KO RRHE, FRE R
TSP KT 38 14 5 8 R R 5 7K B s (it <
PR R ZBISC R, IE 45 kK 3 1 Rk S5
THRT I, DU S SO 2V R B R DL R
WHRFER IS % |

1 HE&RE

1.1 JmEs
B AR I 5 R ) 2k 2l

da;p;
at

+ '(%Piui)zo (1)

dap;u,;
ot

+ c(apuu)=-a P+

“(a7) +apg + F,, (2)
AH i BUG FL, 23 R S FOE A 5 ¢ A [a]
pi oy SR A EORE R PO R
R ;g I E IR 7, AR TSR F,
AR T,
MR MAHZ A G R A
o, +a; =1 (3)
FI,G :_FI,L (4)
Sy RN ) sk R R TR

; 2
T § ot C ) = SOt (5)

Hrp Meirc = %’J’eﬂ’,L
s g ARG REGT BRI
SPGB =R A, By
FEM R, EAE R, IS
ZBNINI o o
VST SIE-T E O
M1, ZPL(CSA>2‘S‘ (6)
A H . €. 4 Smagorinsky F L, ASCH 0. 12;4 Kyt
UEA RTINS T RS AR FR I AR 5 S R AR 5k
T ER,
AL R R ZE SRy
My ,1. :pLC,L,ma(;dB ‘u(; -—u ‘ (7)
KRB C,y 0. 65 dy 90 AR, A SOR
2.5mm,
PR R TR e 4G4 ) F, TH ) F &
PR (F8 A A B K AR BT AR R 2 Fyy,

%ij]%%ﬁ&jj FTDI
3 ‘uc —up ‘
F, = ZpLaCCD d, (ug —u,) (8)
F,=-paC(u; —u) x( Xu) (9)
Du, Du,
Fyy =Cyyp o E - Dt (10)

Mo o a
FTD:_CTDCDSC( ° - L) (11)

ag ay,
ﬁ¢c_{mu+04mﬁww& Re < 1000
T o 44 Re > 1000

Re =p, | U — U, ‘dn//-LL,L
s € T BB, BRI, T HHE
INMFZ T 5 Cyy N BT i ) B A 0. 55,
NI A s Se, M Schmidt ¢, FTHL 0. 95 €,y

KA K A ,2025,45(4)  Tel:025 - 83786335 E-mail :jz2@ hhu. edu. cn hitp ://jour. hhu. edu. cn - 17 -



REENFERU) BB T L,
1.2 RBVIGIE

hy 9 T B ARBY  AT RCE A L e I
S B UEAT e, R B e K U B
TR 2K ) 52 5 b 34 7, I K A K 40 m, 9
2m, KT 0. 5m, WLIE 1, 99K T BT KA 7
A gD, VKR BE 7 1) A 221 I 5
AT, AW TR KRS 8 B 8 5 AN IS K 5 N0
(145 5 BCF- 115 21 W T 1A

| R

O L A VS V.
x‘L 40 =I|

1 R EREE ($m)

SMFEK BN T BUE AR IE T OpenFOAM #E37
AR EBRWR UM HE K B ) ZHERRAE TR
B 40mx0.05mx0. 5m, & A Himiba,
JERBIE R ) R 5 G e o pry g <A R
FBERAEE M AR, 4 A, R IR
T HAH A R [ RE L S R FHME RS i B A 1
Rl 43 AL DX Saf st 1 i) A ) SR 34050 3 43 SR s, A
1) DU SR FE T A8 R 0 S =0 1) ) e /N A IR
P33, 28 BIR T 20 .10 5 mmo AH S HE A ) R
#5053 51 2000 .4 000 F1 8000,

MR A R R TEAL S 25 L/ (min - m) B,
TEARTR RS RF (20,10 .5 mm) FREBESAE 1.5 4%
IR (R 1. 5 A5 /K BRI IR ) b i 7K SF i i
B oA UL 2, B d SR TR B, BRIV AT 2 K T 1Y R
[ IS R B S P N v ks [ T e 2 &

0 [ -
0.1}
g 021 - RIS
S —— B4 520 mm)
03 B2 (10 mm)
04F = — IS5 R (5 mm)
0.5

-0.05 0 0.05 0.10 0.15
u/(m/s)

B2 AEMERSTT 1.5 EKRETEAKFERESD 7 LR
0.151

= EREER
—— P25 R (20 mm)

FEFLZE S (10 mm)
—— UL R (S mm)

05 1.0 15 20 25 3.0 35

x/m

B3 AEMERTTREKFREGEIMILE

H u, BRI, ATLAE ) BUERI SR S 1
LURFEARW G BT RE A8 B F ) B 5
A, M/ NRAR RSE/NT 20 mm B BUE RS
AR/

2 HE&EMAR

2.1 WETHR

MR SCRR[ 27 1, S P AT — A T ] o
HE 7 EEY|

v=f(Q,,D,p,d,n,g,0,D,,%) (12)

A Qp IARHER SR T BTERR i D KR p
KB IE 5 o K R R g TN
o NARTE KT 5 Do BRI SRS B KA 5 B 5
RSB PI ORI RS AR SCZE 7K 8 Rt 1 R
I KA, 7K B0 %8 B2 D R AROE I AR 5
IR KRR B S Q h

Q—Qom (13)
A (12) HEl I ENIEL .
iov o [d x
T 'f“‘(D’D) e

FBUHh , S HHE = A TE K o AR
, u 3 d x
L) “{55) e

HRAE L3R A, W P BUE RIS 1) T, 5
FEHES R Q B 15.30.45 .60 .75 L/ (min * m) , /KT
D¥0.5.1.0,1.5.2.0.2. 5 m, BRI KR
54 40 m, FEFE R 0. 05 m, " ] 1R 1] 475 5% i 15
PR, Ak 1) SR FH T A2 A S5/ INBIAS RUSE R 1 em,
2.2 HEEMKKBER

MEWFETFR G, S L THE KRS, TE AL
AP, AP 5R BE FE S Aok, it
S—Bent e 5, AP R B R, B 4(a)
HKGEHR 1.5 m HFEHES N 45 L/ (min + m) [,
0.5 m TR AT P 30 10 3 [ 375 388 43 A 5 T 4 (b)) T
Z T BT 2 A5 KGRI T 18 7K F S 5 o A, B
SRl BT LAE RIS 50 s I, AR
e [ K A3 A S5 KPR LT ARAE . SOk
SHHFFLAER 50 s 5, K HE K 3h F1 FRAE S 0K
TR RE . FEHS SR R UL 50s 51
R e

FHOC PRI G 1) 7 AP N R — R B
o — RSB, S KRN
0.5m FAGEALS I Q 43514 15,75 L/ (min - m) i,
AP ) VIR AR, B 6 SRR

- 18 - KA K A ,2025,45(4)  Tel:025 - 83786335 E-mail :jz2@ hhu. edu. cn hitp ://jour. hhu. edu. cn



—1=30s t=40s
0.6

0.5\
A
03F \

02+ \
0.1F \

=50 s =525

v/(m/s)

0 0.02 0.04 0.06 0.08 0.10
x/m

(a) 0.5 m¥RBEAb I ] i 4 7
or
o5l V

1.0 |

d/m

1.5 . 1 1 )
-0.05 0 0.05 0.10 0.15
u/(m/s)

(b) 2K IR |7k d 2R 61537
4 FRGSHESEERERES S

d=03m —d=02m

—d=04m d=0.1 m

0.4
0.3

02F

v/(m/s)

0.1+

0 0.01 0.02 0.03 0.04 0.05
x/m

(a)Q=15L/(min-m)
0.8

0.6

0.4 £

02 \

0 0.01 0.02 0.03 0.04 0.05
x/m
(b)©O=751L/(min-m)

E5 0.5mAkKRTFSAPROEREETREHTL
2.5 m BN ] B G A A g A 2P A o R VA R
FERYAEA, o AR SO S [ 3 B AR B 3 0 5% 1Y
IDAw W (UREN TR R ) & Oyl [ o 2 NS A B 2| L AP
(BB R PR K i BE . H R 5 FIEL 6 mp T K TR
AH IR B B A A= R, P9 v o = ) R B K
PG ER N 4 A%, PR O T R 1A
PG AP K T B BE S N s R
PETF 2 5 A5, IR 58 BE FI A 251G 0 5 < 2P
WA S8 SRR 5%, AKIE ] g s o, wnok
R 2. 5m BF,0. 5 m TREBEALPIZK V- 56 B2 2 m IR
JEREAY 4 150U

T RUPREE Y 8 AR E R I R sy
DX RS DX T 5 M X, S ST DRI 2R DX R SPIE ZK

v/(m/s)

——d=2.0m ——d=1.5m —d=1.0m d=0.5m

04r

03r

02r

v/(m/s)

0.1

0 0.05 0.10 0.15 0.20
x/m

(a)0O=151L/(min-m)

08

v/(m/s)

0 0.05 0.10 0.15 0.20
x/m
(b)©O=751L/(min-m)

E6 2.5mKkRTFSAPROERZETRENTL
ST R TR B AR AR 1 DR R — B, (H N7 X P B
T PE BT IR B AR AR K T A X N IR (R, A
Bl6m LA H 1.5 ~2 m S VI Y R K 92
IIRBE LR IT 1~ 1. 5m J0F N 984k T HL,
B 25 B LA, 1. 5~ 2 m RV L PN A P
IR T B 8 ) AR AL R R, B EL S FIE 6 ]
AL R — SR T A 0. 5 m i N Y 2
T e BE AR b B BN Z K IR IR, X R
ML E R T 15 L/ (min - m) B, T8 8000 PR
HXEEZEAZH0.5m,

] 1 313 38 B K 5 & A IR T K,
PGS R AT, KO 5 B N YR R — e
K7 FE 8 435 7K IR R 0. 5m Fl 2. 5m i AS ]
SR R I HIE B KR A K R R T, A
SCWTTET B KPR 1 5 K I R 22 ) 28 IR B R K
TAEIZITIE AR RS FR K IREE . FTLAE
HHEIMNTE LR A2 4l KA, R 7K P 7 8 1 7K
ey Y S TR U S N € 2 N R )
P Bl 5 K TE AL, K- R B TR
TRV /)N 5 B AT e, 7K Tt R 4
0.5 m ZKIEM  BE % 0. 375 m AT /K i 5
FEZ320 0. 1m, B 0. 2 f57K T, 1M 0. 75 m A AY7KF- i
JEEEN 0. 15m, B 0. 3 Af57K B KTk B B2 S oK TR %
PIASE, 2. 5 m KIRET, 1. 875 m W it 7K - i J5E )3 24
970.6m, Bl 0. 24 f5 7K, 3. 75 m Ab Ay JE B 249 2R
0.8 m, Bl 0. 32 57K /K- R A2 B S b Rt 52
M5/, A SEAE SR IG N 4 £5 5, K V-JL R B 3 in o
AL 5%,

A PN K A B K T ) A3 B, R LK
RN R SRS SR A 0 P A R

ARA AR A B R 2025 ,45(4)  Tel :025-83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn +19 -



—— 0=15L/(min-m) —— Q=75L/(min-m)
0r

0.1
02} /

d/m

03} \
04}

0.5

-0.1 0 0.1 02 03 04

u/(m/s)
(a) FESHHF0.375 m

d/m

0.5 L 1 1 i
-0.1 0 0.1 0.2 0.3
u/(m/s)

(b) BESI%£0.750 m
B 7 0.5mKRTRIEBETREEF KR KFRAK

FREHT
—— 0=151/(min-m) —— @=75L/(min-m)
Or A,
0.5} o
1.0+ (
£
T O15¢
2.0+
\
25 . . . )
-0.1 0 0.1 0.2 03 04
u/(m/s)
(a) BESIUH51.875m
0 J/
0.5t e
£ 1.0+ P
st (
2.0+
2.5 \
-0.1 0 0.1 0.2
ul(m/s)

(b) FESIEE3.750 m
8 2.5m KR TEHEERR R ER KM KR
KERED
WG, B9 FE 10 438 0. 5m F12.5m 7K
BT AN [R) B i A A 7 0 % T 0T 8 ) B 3 A
Wit (w) 50, FTLVE Y PN IR L7 X8R, 2 i
() JLAATARRAE 5 7K R A B s i S i A O, 2 B e
= [[ A 15 L/ (min * m) Bf,0. 5 m 7K FIHRIEHIZ
R 4.5 KGR RO T 0. 4 FEKTRAL BB
B2 2. 4 KR, 2. Sm KR F AT EIZH 3.2 fi
TR BRI 0 WIAE 0. 2 A5 K IR, BR324
0. 4 fE7K U ; P13 v [ A 38 v o0 7 Al B o 9
S RTE M, AR N R 5 A5 RS

FIZEAZHEA 20% , T4 7 A 1 T e 32 24 o
TEPIA R, ELAA 58 RO e iR, B
S PESEHEIN 5 A7, SR ORI R ERE N 1A

/s, T
£ 0.50 EELRE
N
17 18 19 20 21 22 23
x/m

x/m
(b) O=75L/(min-m)

B9 0.5mAkRTREXARREKSRESH

o/s"' IR, T
0246 810

2.50
) 0
100 12 14 16 18 20 22 24 26 28 30

X/m
(a) Q=15L/(min-m)

100 12 14 16 18 20 22 24 26 28 30

X/m
(b ) Q=75 L/(min-m)

10 2.5m KR TRIEEABERESREN T

3 KENARHESD

3.1 REPRPOEE

AP P P B I A DDA G
B 11 S 5 FloK BT AP TG & 40 o0 3 ) 5
SITRES SRS AL, Foh, v) = 0,/ Vg0 1o,
AR GEIE d = d/D . W 11 RTUE 1
0.2 FE 7K TRTRE P, HoLo 8 8 4 il % B i /)N 340 17 A8
NS TE 0.2 FKRIREE LT 4% B ol U AR 1k
REE ] LA AR5y, — ARG K X, O — R 4
FFIX o BRT 0.5 m AKEREAT, AR R &M T K
XA LRI 0. 5 m, 7EHE K X P, A P17 b
SO B PN N 2 5 TE AR XN, S P s
R FEE i R R T/ I, T S PR R R E L ARSI
PR K TG Oy 3, 4R X P o 40 o
HEEZIHN 2.5,
3.2 RiEFARKEEE

HRAE AT A A4, 0. 2 5K IRIRBE LA L, PR I
U R A, OO EE B AN, B 12 2 0.2 fifK
TR E DL 2P 9 G 18 44 /K SF B8 R i AR Ak, Hod,
b' =b/D , b KV, ATLLE H, PIRKF R
Z IS R AR RN, S ORI 06, 7E 0.2
KRR EEAL , PRS- SE B 290 0. 12 5K, R
Fa: PO 5 B T R B AR AR KL, [RIRENE 0. 2 fi
IR BE LT X353 R A X, R X2 ]

- 20 - KA K A, 2025,45(4)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



— 0=15L/(min-m) — Q=30 L/(min-m) — O=45L/(min-m)

0=60 L/(min-m) — Q=75 L/(min-m)

0r—= 0 0 —— < 0
02} \ 0.2} 02} | 02}
_04f 04 04} 04
BN \
0.6 0.6 0.6+ N\ 0.6
0.8 0.8 0.8 0.8
1.0 1.0 T 1.0 i L 1. L 1.0 .
0O 1 2 3 4 0O 1 2 3 4 0O 1 2 3 4 0O 1 2 3 4 0O 1 2 3 4
W W W W W
(a) D=0.5m (b)D=10m (¢) D=15m (d) D=2.0m (e)D=25m
11 AEAEHRSETEENHOEREERKESH
— 0=15L/(min-m) — Q=30 L/(min-m) — Q=45 L/(min-m) 0=60 L/(min-m) — ©@=75L/(min-m)
0.2 o 0.2 i 0.2 0.2 ’ 0.2 %
' / / 1 4 //
0.4 0.4 // 0.4 74 0.4 /j’ 0.4 //
< < y - / N 4
= 0.6 = 0.6 /’:'I = 0.6 // = 0.6 /(/ = 0.6 ;’/
/i a4
038 038 fc/ 08t/ 038 J 038 (
1.0 1 1.0 L ] 1.0 [ L ) 1.0 I ) 1.0 I ]
0 , 0.1 0.1 0.2 0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
b v I v v
(a) D=0.5m (b)D=10m (¢) D=15m (d) D=2.0m (e)D=25m

12 ARAEH#HSETHRKEEEEDEL

KAFEKE 0. 4 m (HIEEAKIE 0. 4 m) &b, FETFZX
BN, K CF vE B 3 ) AR AR AR N, HH 2
0.025m, 7E LJZIXEA KV 58 BERE VR B LT S 4k
AR,
3.3 KERREEE

R AT T P 3 e T R A e, 3R 2
TR/ B 13 AN [ K TR AR G AR S T KO
T T P O AL, o, wl) = uy/ V20
uo MKV BIZHE ' =x/D , AILIE I, RZH

— Q=15L/(min-m) —— Q=30 L/(min-m) — @=45 L/(min-m)
0=60 L/(min-m) — O=751/(min-m)
2500,
w125 S
0 05101520253.03.54.045
I

(a)D=05m
2507,
1250 S
051015202530354.045

X
(b)D=10m

(=]

2507

125

—Ste—

=

051015202530354045
>

(=]

(e¢) D=15m

2.50}\
125N

0 051015202530354045
>

(d)D=20m

2.50 f\
T1251

0 051015202530354045
>
(e)D=25m

B 13 KERREBEEGESS

ARA) Kb A R [ 2025,45(4)  Tel 025 - 8378

JE 5 RS AEE BUIAH O, e R TG B 3R 2
2; KRR IZHEE A A S i 48 b i
HBLAERE S 29 0. 25 KA ; TR AL B 2 A1,
REZHEIBREIERNEE  HRIZMEENER
A7 B E SRR A e O 2Kl 7
MBS FR R AP BE (1) o KT BE 5K 3R
A KGR, JE B KRR 0.5 m i, 7K
KR 2m, KEH 2.5m B KR KN N 5m;
TP B 32 B (IS I S B/ AR KR T
PSTEER RN R 5 55 KPR KER KR AR
it 20% . MRHE 5 DKRFAET BIRAUEGE R A5 K
P K E S KIRZE WG RRN /D =
(Dy/D)*** HEEHR0.96,
3.4 KEREE

Bl 14 R AR T 40 TG i 40 7K V- Ui 8 B I 2 4
i, Hod, 67 =6/D , 8 NACERIERE, RIS, KF
MRS RS T KRR E R R, 78
0. 25 fE/KTRAL , 7K V- Ui JBE B e /I, 29281 0. 15 A K
W WIS KPR R R W R, B — e (i 5 (8
AP R ROKFIRIEEEZ) R 0. 4 5K, Mk
INEERE A KBS 7KV Uik 28 17 1) B 25 it 7K TR AR K
TSN 7R SCPRIZBE B8 Ry 7K - I8 B 1 e JR A
Ly o MAEEUERIZER KRB R RKEYS
IKEZ A KRR L,/D =(Dy/D) " BLE
$70.99,
3.5 KTEBhEER

AU R I 3 ] KPR B TR b R

6335 E-mail ;jz@ hhu. edu. e hitp ; //jour. hhu. edu. cn « 21 -



— O=151L/(min-m) 0=30L/(min-m) — O0=45L/(min-m)
0=60 L/(min-m) — Q=75 L/(min-m)

0507 =
©025F
0 05 10 15 20 25 30 35
x/
(a)D=05m
0507 s
WO025) e
0 05 10 1.5 20 25 30 35
xl
(b)D=10m
0507 55
N e ems—
w0250

0 05 10 1.5 20 25 3.0
xl

(e) D=1.5m

0.501

0 05 10 15 20 25

x!

(d)D=2.0m
0.501
% 025}
0 0.5 1.0 1.5 2.0
xf
(e)D=25m

B4 EEMAKEREELEST
i 3 PR FRSE SRR & A2 SN

0]
3 =f75 ?pu3dz (16)

HE— R SCHRSERRBI RN ¢ =¢/p TR
WILAX N ¢ ={/(gDQ) . 15 SR 00 R G
TSRS RV A0, v LUA Y B A
B, TR RETL N s KPS R/ AL
IR VIR 5, 52 3 8 50 A S A9 52 ), 7K T
R, B FE A AR T O Y B T VR AR Sl RE U2 ik
ML, KN 2.5 m I BGEALTRIE K 4 £ K
P RETRIEIN 1A%, ABCETEKF IR A, KPR 8 i
KRS, K (16) K it

o
f—gpuo (17)
HICR AR N
r— f _ir 73
€= ho =50 (18)

faTfb)E B2 R SRS EE I AW &
HOKTEBL R, SAFE R TR 52 SO

P =pgDQ, (19)
EXLTMHEHAEBER g = /P 8585 (17) M
(19) ,1%

1 , Dy

n=§5%%)DO+D

HRAE(20) , 254 W 10 4087, v AT AR H
SR S IS I 2 VA G, e KA AR 200
0.1D,/(D, + D)

(20)

— Q=151L/(min-m) 0=30L/(min-m) — Q=45 L/(min-m)
0=60 L/(min-m) — Q=75 L/(min-m)

o
R ,
0 051.01.5202530354.045
x/
(a) D=0.5m
0.15¢
3, 010F ===
0.05} e—
0 05 1.0 15 20 25 3.0 35
x/
(b)D=10m
o1
M0.05t —
0 05 1.0 15 20 25 3.0
o
(¢) D=15m
3 =
Moosp eSS .
0 05 10 15 20 25
v
(d)D=20m
o8 =
R e
0 05 10 15 20

x’
(e)D=25m

B 15 BEARERABES T
4 & &

a. P I Y S o] 3RS AE KT T ) b R
GIA  2RZ AT A KT BE T K TR S M 43 1

b. P O R BEVR R BE 124k 43R 3 BB,
IR HIAE 0.5 m KIRAL , TEEAEH L Ty 35 7E
SRR rvC B AERE B B, P B R T IR S MY
K578 0. 2 FKRIREEAL , PIALSERE N 0. 12 F5 KR,
IR 2 BUAE 0. 25 KR |, HOG R4
(B2 25 TEZ W A1, 22 U B 3] 0 45 14 B B
LM N 5 KT BE 5 KA O, BRI AR
lo/D =(Dy/D)***, JKF-HIEBEFE 0. 15~0. 4 ffK
TRZ ] f5e K3 2 0 o T 1T b 7K P S e/

c. BHE A K P B BE i v R S R
J2 TR A ), 5B A 7 AR 8 7K T K
v, HAEHZCRA S 0. 1D,/ (D, + D)

SE L.

[ 1] 2R, 4T ARER, 45 il 5 Ve FRs OB A 4 i
BABOAR U 4 B [ ] K B IR R4, 2023,39(3)
229-236. ( LI Junqi, ZHANG Xingyu, LIN Cong, et al.
Experiment on runoff control of bioretention facilities using
river mud and sea mud ceramsite as fillers [ J ]. Water
Resources Protection, 2023, 39 ( 3 ). 229-236. ( in
Chinese) )

[ 2] EEik, R, o R BB Pe i B A5 iR IR e 1 ae i
BWEFEL T ], i R s 4l (A AR B R L 2024, 52
(1):93-100. ( WANG Ruicai, WU Teng. Experimental

22 . KA K A ,2025,45(4)  Tel:025 - 83786335 E-mail :jz2@ hhu. edu. cn hitp ://jour. hhu. edu. cn



study on the performance of solidified dredged sludge by
improved municipal solid waste incineration bottom ash
[J]. Journal of Hohai University ( Natural Sciences),
2024,52(1) :93-100. (in Chinese) )

[3 ] o8, B30, e, 55 — Ff 28 X042 3 B e

[4]

[5

[

[6]

(7]

(8

(-

(9]

[10

[t}

[11

[

[12]

[13]

CN202321355601. 5[ P ]. 2023-09-12.
CUTRONEO L, VAN DER GOOT F,ROELS A, et al. A
check on the efficiency of an air-bubble screen using
acoustic measurements and an artificial tracer[ J]. Journal
of Soils and Sediments,2014,14(9) :1626-1637.

RV TR /MR, S5 DU BIR i B 94 17
XS R A RIBCR BRI ()], kAR, 2013,7
(2): 26-30. ( WU Guijiang, HOU Fangdong, NIE
Xiaobao, et al. Controlling effects of air bubble screen for
contaminant dispersion during sediment dredging [ J].
Water Technology,2013,7(2) :26-30. (in Chinese) )
R WA RIS T A KRR A R B
BIEYY L] ARKIT,2019,50(9) £ 146-152.
(LI Zhi, CHEN Lin, CHEN Xiyu, et al. Formation of
bubble curtain and prevention of diffusion characteristics
of suspended solids under ocean current [ J]. Yangtze
River,2019,50(9) :146-152. (in Chinese) )

CHENG Yixuan, ZHAO Ning, ZHANG Kaidi, et al.
Research on the plume stability of air bubble curtains
under low transverse flow velocity environment in dredging
engineering[ J ]. Ocean Engineering,2021,232.109133.
WA B R o 5 SR AR I e
[ 1]. 5 T, 2021, 40 (3) ; 196-205. ( CHANG
Congcong, ZHAI Jianguo, HUANG Xiaoyun, et al. An
experimental study on the efficiency of bubble curtain
intercepting turbid water[ J]. Coastal Engineering, 2021,
40(3) :196-205. (in Chinese) )

XU Tiaojian, WANG Xiaorong, GUO Weijun, et al.
Numerical simulation of the hydrodynamic behavior of a
pneumatic breakwater[ J|. Ocean Engineering,2019,180;
108-118.

MCCLIMANS T, LEIFER I, GJASUND S H, et al.
Pneumatic oil barriers:the promise of area bubble plumes
[J]. Proceedings of the Institution of Mechanical
Engineers ,Part M : Journal of Engineering for the Maritime
Environment,2013,227(1) ;22-38.

KEETELS G, UITTENBOGAARD R, CORNELISSE ], et
al. Field study and supporting analysis of air curtains and
other measures to reduce salinity

transport  through

shipping locks [ J]. Irrigation and Drainage, 2011, 60
(Supl) :42-50.

BADDOUR R E. Computer simulation of ice control with
thermal-bubble plumes; line source configuration [ J ].
Canadian Journal of Civil Engineering, 1990,17(4) :509-
513.

SAHOO G B, LUKETINA D. Bubbler design for reservoir

KA KA R ,2025,45(4)

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

destratification [ J ]. Marine and Freshwater Research,
2003,54(3) .271-285.

SCHIERHOLZ E L,GULLIVER J S, WILHELMS S C, et
al. Gas transfer from air diffusers|[J]. Water Research,
2006,40(5) :1018-1026.

FAN Wei,CHEN Jiawang,PAN Yiwen, et al. Experimental
study on the performance of an air-lift pump for artificial
upwelling[ J]. Ocean Engineering,2013,59.47-57.
LUCKE K,LEPPER P A,BLANCHET M A ,et al. The use
of an air bubble curtain to reduce the received sound
levels for harbor porpoises ( Phocoena phocoena) [ J]. The
Journal of the Acoustical Society of America, 2011, 130
(5) :3406-3412.

BRYSON L S,SMITH P R, MAHBOUB K C. A rational
bubble screen design approach for mitigation of underwater
explosion near waterborne infrastructure [ J ]. Canadian
Journal of Civil Engineering,2021,48(3) :298-311.

WEHE , XIE, e, 5. S0 S 14 R i B2 AL
RIJ]. A% 43,2019, 38 (5) : 1433-1437. (FAN
Wentong, LIU Yan, WANG Qian, et al. The blocking effect
of bubble curtain on Schizothorax oconnori| J]. Chinese
Journal of Ecology, 2019, 38 ( 5). 1433-1437. ( in
Chinese) )

TAYLOR G 1. The action of a surface current used as a
breakwater [ J ].
London. Series A, Mathematical and Physical Sciences,
1955,231( 1187) .466-478.

ABRAHAM G, BURGH P V D. Pneumatic reduction of

Proceedings of the Royal Society of

salt intrusion through locks[ J]. Journal of the Hydraulics
Division, 1964,90( 1) :83-119.
KOBUS H E. Analysis of the flow induced by air-bubble
systems|[ C ]//Proceedings of the 11th Coastal Engineering
Conference. London: ASCE , 1968.
CEDERWALL K, DITMARS J D. Analysis of air-bubble
plumes [ R ]. Pasadena; W. M. Keck Laboratory of
Hydraulics and Water Resources,1970.
BREVIK I,KRISTIANSEN @. The flow in and around air-
bubble plumes [ J ]. International Journal of Multiphase
Flow,2002,28(4) :617-634.
BULSON P S. Currents produced by an air curtain in deep
water[ J ]. The Dock and Harbor Authority,1961,42.15-22.
KURIHARA M. On the study of a pneumatic breakwater in
Japan[ J ]. Coastal Engineering in Japan, 1965,8 (1) ;71-
83.
TEKELI S, MAXWELL W H C. Physical modeling of
bubble screens| J ]. Journal of the Waterway, Port, Coastal
and Ocean Division,1980,106( 1) :49-64.
TSANG G. Modelling criteria for bubble plumes: a
theoretical approach [ J ]. Canadian Journal of Civil
Engineering, 1984 ,11(2) ;:293-298.

(T #% 30 ®)

Tel ;025 - 83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn «23 .



of Hydraulic Engineering, 2002 (9 ). 100-107. ( in
Chinese) )
[16] skt BRaA:  #EIGI , 5. 2R BRI 5 i i T 1)
TSR RERERIAIE 5T [ )], VL RE 2 Be Be 4, 2016, 33
(10) : 126-130. (ZHANG Qian, CHEN Jiansheng, DONG
Haizhou, et al. Modified generalized dilution model of
determining permeability velocity in wells by tracer method
[J]. Journal of Yangtze River Scientific Research
Institute,2016,33(10) ;126-130. (in Chinese) )
[17] B LT 7 B 0] ok <y [ A M A5 [0 ).
NIREE 24 (TARERF2ARR) L 2007, 39 (5) £ 26-30. (YE
Hexin. Study on model of measuring seepage velocity
basing on tracer mass conservation [ J ]. Advanced
Engineering Sciences,2007,39(5) :26-30. (in Chinese) )
WG MR AR B A B ROR BN R EUVE FH 5
BT ITELT]. K24, 2008 ,39(2) :240-244.
(YE Hexin,CHEN Jiansheng, TONG Haibin et al. Method

for calculating seepage velocity in consideration of tracer

[18

—

dispersion effect [ J]. Journal of Hydraulic Engineering,
2008,39(2) :240-244. (in Chinese) )

PITRAK M, MARES S, KOBR M. A simple borehole
dilution technique in measuring horizontal ground water
flow[ J]. Ground Water,2007,45(1) :89-92.
[20] DONG Haizhou, CHEN Jiansheng, LI

Delineation of leakage pathways in an earth and rockfill

[19

[}

Xiaoying.

dam using multi-tracer tests [ J ]. Engineering Geology,
2016,212.136-145.

(21] VLUK, U T 5 B AL TR RN R G /s B 12 Y B 1
BRI B A T2 1] K FDK iR, 2023

43(2) :63-69. (SHEN Tianyao, DONG Haizhou. Combined
detection method of dam leakage channels based on high-
density electrical method and comprehensive tracer method
[J]. Advances in Science and Technology of Water
Resources,2023,43(2) :63-69. (in Chinese) )

[22] S6#k, 5T B IE, %5 28K 2B 0 R G HL SR
BRI T ], 7K A K AL B 3k JiE , 2023, 43 (2) : 70-75.
(CHAI Dong, FANG Guangtao, QIU Chunxiong, et al.
Electric conductivity tracer model of a multi-aquifer
seepage system[ J]. Advances in Science and Technology
of Water Resources,2023,43(2) :70-75. (in Chinese) )

[23TXIE Rt 6, TR, 5. BEG 8 BRI 7 A A ]
KPR T v I 1] KR K B B i 2, 2023
43(6):74-81. (LIU Guoging, HONG Yunfei, WANG
Wei, et al. Application of combined tracer detection method
in dam leakage of Shilianghe Reservoir[J]. Advances in
Science and Technology of Water Resources, 2023, 43
(6) :74-81. (in Chinese) )

[24] SKH 2, ERER, A5 T DU 7 I 25 4 7K D 2
GBS [ ] R A2 4 (3 SRR
Wi) ,2024,52(6) :60-68. (ZHANG Shen, LI Jin, WANG
Qunmin, et al. Dynamic risk analysis of deep foundation pit
leakage in water-rich sand layer based on Bayesian
network [ J ]. Journal of Hohai University ( Natural
Sciences) ,2024,52(6) :60-68. (in Chinese) )

[25] BEDMAR A P, ARAGUAS L. Detection and the
prevention of leaks from dams[ M ]. Lisse: A A Balkema
Publishers ,2002.

(Uicks B 12024 - 11-21 Sl A5 A1)

(E#&% 23 W)

[28] LEIFER I,MCCLIMANS T A,GJ@SUND S H,et al. Fluid
motions associated with engineered area bubble plumes
[J]. Journal of Waterway, Port, Coastal, and Ocean
Engineering,2016,142(2) :04015015.

[29] KM%, Tk, EFEE S5 #K R ™ A2 K F
DB R TE [ )] . K3 )2 5E 5 k€, 2010, 25
(1): 59-66. ( ZHANG Chengxing, WANG Yongxue,
WANG Guoyu, et al. Numerical simulation study on the
horizontal current generated by air bubbles curtain in still
water[ J ]. Chinese Journal of Hydrodynamics, 2010, 25
(1) :59-66. (in Chinese) )

[30] XU Tiaojian, WANG Xiaorong, GUO Weijun, et al.
Numerical simulation of combined effect of pneumatic
breakwater and submerged breakwater on wave damping
[J]. Ships and Offshore Structures, 2022,17 (2) ; 242-
256.

[31] RELMK, Fifusn, 15448, 55, O PR Sl Re 1tk B B i
BT[], R AL TR 241, 2020, 34 (4) : 904-
911. (CHENG Yixuan, DONG Hengrui, YAN Ruikui, et

+ 30 - KA KA R 2025,45(4)  Tel:025 - 83786335

al. Characteristics of bubble plume oscillation and the
Coanda effect [ J]. Journal of Chemical Engineering of
Chinese Universities, 2020, 34 (4 ). 904-911. ( in
Chinese) )

[32] DHOTRE M T,SMITH B L. CFD simulation of large-scale
bubble plumes; comparisons against experiments [ J ].
Chemical Engineering Science ,2007,62(23) :6615-6630.

[33] WHEHE, A, AL, 55, AR I SR R A 4L
WrFE[J]. KA 0 e 5 kR, 2022,37(1) 1 101-107.
(CHANG Congcong, ZHAI Jianguo, HUANG Xiaoyun, et
al. Numerical investigation of bubble curtain for mitigating
salt intrusion through sea locks [ J]. Chinese Journal of
Hydrodynamics,2022,37(1) :101-107. (in Chinese) )

[34] RN, TSANG G. KT HTRMBIFELI]. K3 1%
Wt 5 #E %, 1989, 4 (1): 104-112. ( WU Fenglin,
TSANG G. On bubble plumes research [ J]. Chinese
Journal of Hydrodynamics, 1989, 4 (1) . 104-112. ( in
Chinese) )

(ke F91:2024 -09 -04 - Gt . iy =)

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



