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Abstract

Introduction: In practical applications, at the downstream of hydraulic structures, in some
cases, the width of the basin may be larger than the upstream supercritical flow (sudden
expansion in the flow section). In such cases, an expanding hydraulic jump with symmetrical
or asymmetrical shape will be developed at the downstream. Under the design of three parallel
gates, the operation of the side or middle gate can be lead to the asymmetrical or symmetrical
hydraulic jump, respectively. According to the position of the jump toe, expanding hydraulic
jump can be classified into four types. The present study focuses on a T-shaped hydraulic
jump, which the toe is established at the beginning of the divergence section.

Most of the previous studies are related to the symmetrical expanding hydraulic jump. In this
case, the downstream diverging channel is symmetric on the central axis of the channel.
However, a systematic study on the effects of symmetry and asymmetry of the expanding
hydraulic jump was not found in the literature. In this study, using the momentum principle,
some theoretical equations to determine the ratio of the sequent depths of symmetrical and
asymmetrical expanding hydraulic jump were derived. Also, some regression relations were
proposed to estimate the length of expanding hydraulic jump. The new proposed equations
were also extended for the presence of a sill. The equations were calibrated using available
experimental data obtained in this and previous studies. This research also considered the
characteristics of expanding hydraulic jump under the symmetrical and asymmetrical
operation of the parallel gates.

Methodology: To calibrate new proposed relations and investigate the effects of different
parameters on the expanding hydraulic jump characteristics, two experimental data sets were
used. In addition to the data set from Bremen (1990), the experimental data from the present
study were used. The data were collected from a hydraulic model of three parallel radial gates
for operating the side or middle gate, which corresponds with the asymmetrical or
symmetrical expanding hydraulic jump, respectively. The experiments provided a wide range
of different parameters as the approaching Froude number, hydraulic jump length, sequent
depths ratio, divergence ratio, sill height, and relative length of gate separator wall.
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Results and discussion: Equation (4) was developed to determine the ratio of the sequent
depths of expanding hydraulic jump based on the momentum equation. For the presence of a
sill, a combination of Equations (4), (7) and (8) can be used to calculate the ratio of the sequent
depths under the asymmetric and symmetric developments, respectively.

Determining the ratio of the sequent depths requires the calculation of the adjacent water
depths of the closed gates. For this purpose, in addition to regression equation development
(i.e. Equation 13), Equation (12) was proposed. This equation is based on the calculation of the
hydraulic jump profile. It was observed that under the calibration range, the regression
equation is more accurate. However, Equation (12) is recommended for the range outside of
the experimental observations. The results showed that:

% As the divergence ratio increases, the ratio of sequent depths approaches to the classic
hydraulic jump.

% By decreasing the relative length of the gate separator wall and decreasing the width of
the gate on the downstream channel width, the relative depth at the side gate and
consequently the ratio of the sequent depths will decrease.

%+ For the lower length of the separator wall and under the operation of the middle gate,
longer horizonta distance is needed to develop the jump than the side gate. However, as
the length of the separator wall increases, the length and sequent depth of hydraulic
jump due to the side gate increases on the middle gate.

% In the presence of a sill, the relative length of the hydraulic jump decreases, and the ratio
of secondary depths increases.

% It was observed that the hydraulic jump due to the operation of the middle gate leans
toward the left or right side of the channel due to oscillatory behavior.

% Under operating the middle gate and in the absence of a sill, an asymmetric hydraulic
jump is formed in the channel face when the length of the separator wall is less than 38%
of the classical hydraulic jump length. For the presence of a sill, the minimum length of
the separator wall decreases to about 26%.

%+ By decreasing the initial depth of the hydraulic jump on the width of the gate and
converting the output jet into a linear jet, the relative development length will be
increased.

% As the sill height increases, the difference in the depths attached to the side gates will
decrease, and the hydraulic jump will develop more symmetrically.

X3

%

As the relative height of the sill decreases, the minimum length of the separator wall
increases and a symmetrical hydraulic jump in the flanks forms.

Conclusion: This research developed a set of theoretical and regression relationships for
estimating the length and sequent depth ratio of expanding hydraulic jump. Moreover, the
effects of sill height, divergence ratio, and the length of the gate separator wall, were
investigated. This study compares the effects of side and middle gate operations based on the
variation of jump length and sequent depth ratio. The results can be used as a guide for the
hydraulic structures operators to reduce the asymmetric severity of the expanding hydraulic
jump and achieving the complete development under the minimum length.
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Fig. 2 Schematic sketch of asymmetric and symmetric
expanding hydraulic jump
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Fig. 4 View of expanding hydraulic jump under asymmetric (a,b) and symmtrical (c,d) openings of the gates
loaze )0 (€,0) o)lie 5 @,D) ¢ laxel (Sl baylps ;5 1515 Sy Gop B SIS

2 *2
_on Y1 _ Yi

Fow =107 Foy =7B =~
2 2
, )

h
Foa =xy(B —b)?a
oy K g Saded Ghp zedie Ges Y ol jo o
Jeds cnl po ol oo ol JLid & 565 ZMol 4 bgy e
2 B Glo)lps sgw jled)ly (LaiS (59,5 U
RV PRV SR SO P JJ""SW”
5o 4 oo gleaminld @y m by (V) dolee )
Sin adsl 09,8 sae g B=halyr A*=yclyr =b/B
OlFes cale jo Fr=Qilgy®) Jsio 4  Sdg o
DR e T e et Glp 1) py dolee
LELPEE I SIPPReS

* 3 *
(A)—pxﬂ +r=0 (3)
2 -

s p=n+x(l-n)pi+2n(Fr)" o . as
5 o goe s ol ol Jo 511 = 27 (Fr )?

a0 GutS p Oyge a5l (Sdgyoee oy
Py =y—t=2\/E cos(f) @)
Y1 3 3
3
1 r 3 -
¢p=cos | ——,|| — e as
’ 2 (pJ ©

Sl esloe ammyd By o 9 Shee Ll 3 o
5% oSl g Guizs ol pBislesl slasaaliv

anlpl (B a Az s (o S Joe o i
slcls sl e +/¥Y-+/FY odgae 4o (B/B)
T 0dgame U aools axwgs oKal Mes allisle;]
Loy o & Cawdpml aalpl oy sl

53l so o0],3 D/B=0.20

oy g gl -Y

S Eos Comd pnd galal;y (g S aeis —)-Y
w4 gl

bolyd o 1) 4l Gbiges Cond Joog () n o2
Ol 00 S (oo (2, JUEST (SS9 paee S 65 S8
az ol (Sl alols jo (Sdgjame by adly Condg
L olgise |y () eaiSlax (slaojlgns Job g asils I3
@15 5LIL (Sdgyuem Sy ardly dlold o sl ol
o3lal ol 0,18 slie 2 cindg (nl yo 285l o
39 Sewdmly ghaile U azu sl e alold o 25 >
P eyl g Sl esls g9y RS 8,5 Lk
1 bld pules (s (gloazy (o)

Fo) ~Fo(2) + Fpa =R V,-Vy) 1)
k> Goe s 3l 00)ly (5518 (59,5 Fpy o] ,0 &5
2 03,1y 5 )ltd (69,5 Fo) 3b gm0 5l o aaiia 5o
Sazm ;5 o 3l os)ls (,Lid (55,0 Fpa (bl ahade
519 51 U (69,0) Cwsdiymly J5uS oz iy
Wgd oo iy ) Ojgeds g 039 (SSU 220

Journal of Hydraulics

82

15 (1), 2020



IWAD 5l o) oples IO 050

Sy

a5l akolb b (Sgyoee (i e i (i oS
gy 5l oolaiwl ¢ gadzs oy smli;:..;'uﬂ slecil y b
<!, Rajaratnam and Subramanya (1968b) gsleius

(BB 3510 2510 5 Sela et Gy Eyord oo
] Ao g

alols jo (Sdgyaee by el ey, cnl 5l esliiul L
Ol 5 00 dwloe BB (Sg 000 0 a5l 51 Xp
Goe b9y (nl 50 g aalss ha e Sl 53,915 Ges
Ok e il 5IX Al ol ja 0 Sy e iy
(0 JS%) 5l el
h(x)=y1+o.75xn'x(y;‘_yl) )
S (Sgy0en iy aagl Gee V2" (ol o a8
S EXIX s @ a5 L a5 ol TRy ) Fy
Rajaratnam and Subramanya (1968b) golgais o,
bl oo draloe BB o alal 5l 58 X090 oo (e

X _5.08x(Fr)-7.82

(10)
Y1
______ ey
0.75 (8- ;) {025 "
oo | J
X X

b2l X ! i
1
I i

Fig. 5 Definition sketch for the jump profile from the
Rajaratnam and Subramanya (1968b)’s method

SH9)aed Shp & e dmilone o azial B iy 5 B S
Rajaratnam and Subramanya (1968b) s, ;!

Goe ol (S5 VL g, 5lha Boe 35915 sl cnl b
Q"‘“"j (O)‘yé J}.‘d IXp) X=Xp 4L~4L9 )Q ‘é_iJj)M L}/JIJ
FBB s Gl pj adaily gy cnl 5l Coled jo 09—

2
1+8x(Fr

ﬂzh—a=1+0.7577’>< #—E

Y1 2 2

X
=f A ="t

Eross 509y 31 (BB e 5 alin] (ol Lyl o

(11

Soly 5 o slaaz ;0 O jslre 15 (b Slages ¥
il bl S00Se L (hag 5 hat)

B azm ;0 5l e alold )0 piiege dllao (il abanls,
e o oS Sln 1) glealal) (g (DL whatie
48 Dgla ol b 0 gl Cowody (Selgym (o @i

2
p :77+277(Fr)2 +K(1;277)32(2+%]
®)

= hg +hy _Aha/yl_2|haR_haL|
B= T=—t—=

2y, p hg +hy
Sdgyoe by gl slaGes Cad (pad aD (0

) Ke B gladsmiwl 8 o sl oad ol slaalal) 5l

loools 5l 55 ke iy el a3l e T 5 (S
B sloaziulyd 0,5 jasin glei o golal Jdow L

) T dm g a8l el b

X X
ﬁ:fl[Fr,n,—p],z’:fz(Fr,n,—p} (6)
Y1 Y1

sladelod slue 279 f slaaminlp o slaalal,
Al e gl sl BB el

i 2l bt ol ay b ] b Lyl s
U sl olo as Cor i ymetd (lyy (F) alolow
105 Sy 4P Azl a8 Sglis ol b sl onliiul
TS (g0 et

sl 0,0 2S5 5 albin] (b bulis o

p =2n(Fr)? +n+x(1-7) 8% +(2k 'na))(ﬂ—%j @

i 5y lySly 5wl (S Ll

1—p) _ 2
p:277(Fr)2+77+K(—277),B2(2+%J ®

+(k'77a))(25—a))
)‘ M’)—AD U"‘ )LXM el asli] S5 )‘ co)‘g ‘5>L_~..>‘

D5 o0 Cyetd 00l oddlie saosls b il 5 )b

B azowl b s -Y-Y
az s 4 jelzme o o 5 (BB 3,505 slp sy S

©azg bocwl Sgyan (g F e 5l eolaiwl «(ha)

Journal of Hydraulics

83

15 (1), 2020



WA Loy g LLs LS

vy Job g 45l s Gos Conns Judd

S an b el b STy Lyl
é" o CL: 1‘5 4_1}1.4 )») 9 R2:086

oo, Ve slis g (st al> 0,0 R?=0.85

9 T

QS o a8l onile 3L olKiole;] slosls acgomo
Jdo Vb alaly 4y cod lovwlie glaools SausTy,
ool Gyl 5l (Kl ansh Job (uesd Colad poe
sanlin ;o las 54, Jlis! g ol chw Consg gl

Lol 28 slayl o JolS Bd
Lyl & GQK_MLA)T sosls S sl »
OF) alaly b ,bles oy yuo o)lael o e ol 5Ty

p_ {1—[1.33— 7% | [1.04— tanh[2.40>< XPH} (16)
Y L.

]

dwle g, 9 (VF) alal, 51 Sl B polie & IS

Pialol sloosls hlie jo 1) (Sg 0 Ly & e
4 a0 oo s Az o o el (Sabil byl b o

..\_»o)o )Ls.a.c 50 sLbA.la.g‘) L))‘ ru)ﬁsw&)sﬁu

a—0,5 g WMARE) s slas 3las,ud .Sl
0 oolaiwl 3y glaalal, 51 (WSE) o lastin] glas

100 &M -S.
%MARE =—x Y [——— (17)
n ol M,
100 [1Q o
%SE =—{—Z(Mi —si)z} (18)
M N

9 0abs pSosladl polie coipan Si gMi oyl o a8
polae (. Sle M acil oo Hhai 0590 yuiie coddlxe
5 6 pSojlil sloalaii Cuiz Jla 5N g odis Sojlil
ol sadmle

0295 99 51 B e 5 e sl (3llao 08 (S0l
A (Sl Sin g 5 (OF) See—w )5, aloles
oo pas o lasliwl glaz g o0 3 VAN 3 P/Y Cs
sl 30y YO VIY ol

e G N g AT polie (285 Jla )3 9 f e s
G s 9 Se—rS, sbaghy, 3l kel lp
g oo el (F) Aol gl sl gas ((Slg o
3 Slslne (1) 450 slogos o polie ¥ S0
aamSle a0 o i |y B s slive  (F) abolae

G Al )0 oo (Gllas 3lhas 03 Sl 390 oo

2090 00 plil pj sladlolee p Lo o Sdgyoun oy

2
ﬂ:l+i+07577' w_g
yi 2 2

(12)

sloakl, 5l ookl f azi sl )8 (rnd sl ;00 b,
oaseine  BEiolej] slaosls 8 )5 b el Sgas S,
O Sl Wl oo ) SSb 4 Sgn )5 alaily 0
SaX/Li" 57 ot 5| b Ojs0 ) fazinl b

:Qj)

Y L

aS Cel u;’?"‘“’)f) GL“"."-.’.)-“.’ @4 gaz @z Q1 ‘Q‘ B as

1’,.3.§Y* g o (S 0l oval i gloosls sl p

Sdgyed Gy 49l b gas Cod l ol O )le
D9l o o5 Bélanger (1828) alal; 5l aS SIS

S 05 Job e glaakal, -Y-Y
Sl » LS Selgyid (o an—wgs Jsb e
B gl oY Job osalie (ol islel slac il ,
asgaze | osliil s Ol s 5l (i85 slapl >
@oloiiin abasl ) 0Bl oo (Sen ( Sg S sloakal,

Slees 1y IS5 @ Job o5l sl

e (1) (7 (v (L—} )

] ]

u>_>).><.: (_gL:b;.,\.;‘)_.é: «5 5 C4 L£3 L2 €1 .l//=y1/b ‘C)‘ 59 as
J.J}M.\Gc u.u_u 003 Lie 6[@0&‘0 6L.~o B aS Cewl

Ol (o e (915515 49 bgs po s &1, -F-Y

(5)LS agm y0 0 Sdos)
FOF b ggame ;o «s LS azmys (Soiil ul,s o
Cldy (Sdbar vy Jobo ‘@@uji 00ls degamme
(2Bialosl slaosls acgamo jIA (6,5 T4 Lo

LY ‘5‘4.[4;‘) 9 0L W‘j (\f) dJolzo LS')JU Lglﬁw).»o

Lr _121 152( Y, 0% Xp o 15
,-*_0'92(77) (Fr) (F) [LJJ (15)

Pl Sdgyane iy (S8L 4wy Jsb akal, ol

Journal of Hydraulics
15 (1), 2020

84



IWAD 5l o) oples IO 050

Sy

Jf based on jump profile calculation

e Pcrfect ling == == +10% Errorling === -10% Error linc

2 S
@ 4
12 S -,
’ -,
, o
r;%r
’ P
10 P29 S ‘
= /'( °/°/°
Z g o %xbg0l 2"
g & Qff 00
& a8 8&%
E 6 e °°°
g o 2
< 4 o
2 — |
! MARE=6.1%
‘ SE=8.4%
0
0 2 4 6 8 10 12 14

}"exp=y*t-exp/y1

£ based on regression analysis

= Perfect ling == == +10% Errorling === -10% Error linc
14 -
’
AN .
12 - ! ! - oA -
°
ey 7z
Pid M
10 + T T % %
Z P4
oy oy >
Sl S55aR S
[ £ 7
“ "
I |
e e
" 8 b
< 4 *
§?
2 0y —
MARE=3.8%
SE=5.0%
0
0 2 4 6 8 10 12 14

» cxp=y!t—cxPIYI

Fig. 7 Evaluation of different methods for calculating 4
under asymmetrical expanding condition

Lulys 04 s sl p calizee lajog, 2Ll Y S
Ol o250 2l ST

*

oA

_A 2k(=m)f’
DB\ 3(x) —n-x-n)p - 2yFr?
s

«(MAREp) ﬂu,,:;.; 30 (o= sl dl.‘a,o )..\3 u».i’L:.«O
A aoi il B e 50 o sl (3lae 08 Sl
Jd& MARE . = MARE ; x|[S| ala, ;| (MARE)

S (19)

305 5 Sl ali polie ¥ Jouz bl oo dwlxe
R AT aml)d s )0 o gla (3lhae ;08 (Sl
2 2Eabel slacsls y SIS a1, Y i, sl
o s SESE5 4y 5 0Ll (=0 2S5 Ll -0
o li 058 o alix e Jgux 5l awo oo Ll #=h/B

f based on jump profile calculation
= Pcrfectling = = +10% Error ling === -10% Error linc
14
12
10
S
_=Z
I 61—
5
=%
4
P S o
2 580 - MARE=19.8%
‘ SE=25.0%
0
0 2 4 6 8 10 12 14
chp=hn-cxp/yl
J based on regression analysis
Perfectline == == +10% Errorline === -10% Error line
14 . 7
4
| 57
12 ’,’ o =7
)
‘ ,r’ ®
10 | | 5, 7z |
B ‘ oy O
Z 3 L g o |
3 | 2
-I:‘.“ 8
I, 6
S
--%
4 ° e
k o
2 MARE=6.1% ||
[* SE=7.2%
0
0 2 4 6 8 10 12 14
Bexp:hu-exp/y|

Fig. 6 Evaluation of different methods for calculating S
under asymmetrical expanding condition

Lulpd 0 B s slp alise sla g, b, # S
Ol (20 (21515

adolins gy 5l B e Sl 2 ausils slages
VIA Jolae o ity (SIg,0e0 Gop S0 5 S5
(Soydad bp Eress (P9, 5 B e 50 SYL sl
dmslxe )0 f et sl 536 i oy 0 s5kaie &
Sl a2zl 5l oolasnl (AF) 456 slo o S
39 @ g 9,5 L el Bedgus «S) omnd
O3S gpmd Sl 0l s lg5 oo (V) aoles

5l Gl Osle B el B 4y Connd A azl (8

Journal of Hydraulics
15 (1), 2020

85



WA Loy g LLs LS

vy Job g 45l s Gos Conns Judd

b oy oo Hlia e 55 (SO oo 5l g9 oge
G dmls 5 ) —2e @ISy S

SS9 hp @ gl Glages Coud g (Sgyune
A wle Jo f asmwl 3,30 GO alal, 9 SIS

Oal58l

pas 09, 00 HUaiil g a8l malS 45l slo Ges
w5l Sbages Cod anlne jo sl 6 keS 55U

Al asls

ds (Gg, ool p alislesl slaesls aled slie
Gl aBlige HITY Sgu> 3« (—dpe 2l Sy Cond
3 A aoil B st sl (250l S8 Olg o0 L
e b aS 009y ezl § sl sl poan Sy S99

Dyl Slgdred yiing 0dls 5155
OY) dolee IS i ol @ li ¥ Jgox
5 YT IV Jolae b se oSy o d b bl
ol osliga +VE g ITY IFE Joles oo - 155
2 Bazi ol b Gt gl L el Sl azes

e G L sl Glages o e s>

Lyls o ‘smli.i.iu)"l srcuilyy sluw 5 (V) doles 5 f dzeinl b 4y Comd 2 doinl B (ot cond Sl ¥ Jgor

Ol (o2 e 215
Table 2 Relative sensitivity of A* to £ using Eq. (19) based on experimental data under under asymmetrical expanding

condition
%MARE;«
Based on %MARE;»=
0
n | %¥MAREg experimental [Savr %MAREgX|Savr|
data

0.20 15.6 7.0 0.44 6.9
0.33 21.1 6.5 0.32 6.7
0.66 23.9 3.2 0.16 3.7
L(’ta' 198 6.1 0.33 6.5

ata

iy 4 s A SIS d s <JAF ) Jilas
dloe gy 99 5l eolitl L 4% g B slaazeinl 8 5 olie
—2 251y BB _islol slasols b a_slie o1,
sSilee an5 e L il gy Layly b 5 oy el
adobae (g, 51 B eesd )0 (i sLlaS Gllae 08
ol (Sdgpun by e Awle 9 (g S,
VI Jolee oo s o lailin] glas g ao,0 Ve oY Ll p

Wb oo do 0 YYIY
P9y 5B e az g LB sllas pf )4 090 o0 4l
S Fos Comd dlns llad o Sy o0 (b & e

Olgi oo I sl oo )0 ¥ 4y SUo38 (g, 90 5l gl

5oy 5 B alze i 1 sl 5 50 gl cas

Al sloges Cad (pad g (Sdgpaun by e
S o )1, Jgd B s o] 51 o5l

s Job SalS Loog i o alaxde (V) alal)
Az, B SalS 5 wX/L") saiSlas sles s
e o ((TH/B) Cws sl anl ] 5 e a4y s
SEas Lo a5 10 5 () (Sl Gloazm ;o Yoo yo
P e 38l L cdl woles el 0 augili
456 Glogas Comd G (11) anlpl oy 4 azu 0

Sgdige S0 Sl (Selgpaen n 4
lie 2 caibizsl 0529 g o) lael (Sl bl 5o
WS B e j9kaie 4 5 (Ggmm )55 alaily dovosls (5l

el Cawoas ¢1=0.67 5l @

ﬁ*: 1-0.40x | 1.07 - tanh 2.29xx—f 2

o9y 50 (V dolaa) K g K slacali o i wly slie
9 ) Jolee cdgan (Sdgpone by e awloe

o P Sga )5y dolae 5l faculxe sug, 50 9 VT

(20)

Journal of Hydraulics

86

15 (1), 2020



IWAD 5l o) oples IO 050

Sy

/£ based on jump profile calculation

=—Pcrfcct ling = == +10% Errorling === -10% Error linc

14

4
2
‘ I’Oo
» -
12 ’/‘o rd
4% % -
I’ (et
10 s
‘ b <
- °
EI i
3 o
2 ‘ ”, *“
iTr 6 . !
E; ‘ 7
& i
< 4 e
P
P ‘
o z
< MARE=3.3%
SE=4.4%
0
0 2 4 6 8 10 12 14

N exp=Y texp/V1

£ based on regression analysis

= Perfect ling == == ~10% Error ling === -10% Error line

14 g
pre
ot %
12 ’,I =
7 o
< s
) 7’
Z 3 >
s R 4k
P 7¢ >54
8 >
< 4 ’t 73
L
77
2 7
MARE=2.4%
SE=3.3%
0
0 2 4 6 8 10 12 14

;‘.l‘xp=y.|-cxp/)Il

Fig. 9 Evaluation of different methods for calculating 4
under asymmetrical expanding condition with sill

Lyl )0 4 s sl il sla s, (bl A S5

L (Sdsyue oy deejles e i slosb )0
5 48l s Cnsoipmly anl ] (58 50 6t Dad
b sl sloges Coms 2 (o0 215y (20l 50
o 1y e aly b ailiwl 052y (tal33l 550 (g050
alial 4z g BB 136 395 Ol alin job 4 S (oa
2 SBhde g s Job a8 ) e al b
2,5 arz g Sl gbelgs S sla sk

S bl B )3 398 e alaxde Ve IS Sl L 0l
Al 156 S Job Lo jlgs 0929 b oaisSTlaz o900
95 Selgyid Loy 45l gl ges ol (5 pdy s
Ll s 5o aslped azgd BB (Sbarwss e Job
e iy (g Job b oaiiSTas slaojlgs b
Jsb 5 gl sloges coud il p alls W1 5k
gy dals alaxde JlE (Kidldnnss oo

2 based on jump profile calculation

Perfectline = = +10% Error line === -10% Error linc

14 »
7’
’
’I e .
12 ’
P o
’l L, 7
10 /,' >
= P 7’
Z g 2ok B0
g t’ [}
= o5 jféo e °
"—f /, Xy <>oCD i
= 4 7 2000 L 80% P
7, Py
%
Lo
2 geo
2 MARE=20.2%
SE=22.3%
0
0 2 4 6 10 12 14

8
Beop=hocxp/¥1

F based on regression analysis

= Perfect ling == = +10% Error ling === -10% Error line

14 1Pid
‘I
/’ ”
12 7 =
P v
10 L
rd
Z g
g
&
I, 6
-4
4
2 MARE=3.1%
SE=3.9%
6 -
0 2 4 6 8 10 12 14

ﬁexp=ha-ex||j Y1

Fig. 8 Evaluation of different methods for calculating £
under asymmetrical expanding condition with sill

Lyl s 10 B e gl lidee slas, 2l A S8

bl g2y Ll s 5o (p)lael (o0 25T

O e 9y 3 B aemle Sl 4153 (loGas
39 Ll 4 o il 052y byl p 5o (SJgpae
E—S50 Ol ol Wl 355 ¢ g y00m i ¢ o
aliwl 099 Loyl i yo Wmosls yieS slaccils , adaulg
asli ol o9 byl 4y e w5 7=0.67 4 sgame
5 45l o Gas Cod ( Lil> Glao,lgs b jgloee (cmnd
ala>Mo a2 oo i |y (8L ax gy i Job
S dnsg (oo J5b cailinl sz g Ll 0 955 o0
bl 0925 Jloinl b il oo az g5 BB 2als (b2
S 9 430 A polae (oand o Gl o

A el Sdgyaes by 4el b ges

Journal of Hydraulics
15 (1), 2020

87



WA Loy g LLs LS

w2 Jgb 9 49l b Gas Camd Julxd

A dguzme o Sleo azy ;o 0 ,Slae) olae Sodjlias
sl sl 5 BB 5 i ol o ol
S Joe gl azm 10 g o o a1 aS ol
acgozme g9 ilin] 3905 g Sloo 4z ;0 8 Shoe Lyl o
DBl o i 0 ) Jgax 5l alliole;l slaesls ;|
3 am o lrasiwl 8 slo g 1 dy yud 00guste dslin
Azl B s aely (o gl suimo il cdcgomxe 40
abal, aBlislosl slaosls 5l soliiul b .ol oo P=yi/b
2 Soer Gon (Slae g Jsb 35510 sl 2
R%=0.91 Siwod oo b Sloo a0 0 Slae Lyl
e sy

L 131 X -0.33
—_—258(Fr) "% (ﬂj —= (21)
b L;

L
blid o (Sdgpame (o agl glo@es Cumd (s
pilis LB) 5 (F) slaakal, 5l )l (50 (21 5Ty
wilis 75 (B) K B ldarinl b penes
acgarme 10 Nar ghal loges slacils 5l oolazul b
By o5 b Taswl 3 e Saisl o Sl slaosls
‘Scb[i_d,.il.oﬂ Slrosls oy 09-b g0 uxd (B) dole
p=XplL" sl 35 b LAl Tase il )8 ol lis
abal, ( 2B iolo;l sloosls g5, o3l 0l oo

(V) JS8) aiS' oo 1)1 7 s sl 1) 05

! 115 )
L 2.27\u 1

203.3+ 4 155

R R R e e
13 el b sl el IS8T o iyl 4nl ]
5 ol (Sl g (Slee azm s o Shee Ll

2318 3929 ol (Slgysee by 65 JSS Jlei]
OMERL (Sg0en b p Ll 50 098 & a5 azslis
A—o,0 0 oS S Nar g Nat sloGos B! s
A s ) (120.05) a il Ges 90 o) (o Sle
oauiSlaz o)l Job a5 lal, 8 55 09— oo ali>dle
KBS Syt g s ays TA ) S
W—lios (agm,0 5l (29,5 Sz adgl 098 L bl
S o S5 anlplazg 90y ol (Slg e i

(22)

sy 55 Sl (Sl Glaam o (b Ll b
Lol K58y drngs Jobo el b obisS glis)| | >
S glabamdle B8 Oje o ar Sy e i
Ao 1l wal )l (g5, Az 0 el cai Lyl
Cams gy Al ] 095 o ala>dla Vo S
S o Shan g Job b anslie )0 456 slosee

AWith Sill (©-0.63) @ Without Sill
4
ile
A
*
_— *
= | o 1
s A * s
= *
A4 A ® * °*
A
1 A
0
0.0 02 0.4 0.6 08 10
*
xl/ l“.i
AWith Sill (9-0.63)  ®Without Sill
s
7 ! &
244 %
= A
S:( A8 A o | ® i
-0 T
J = o
< A s @
°*
a
00 0.2 04 0.6 0.8 1.0
*
xl‘jl‘J
AWith Sill (0-0.63) @ Without Sill
7
A
a °
4
6 <
= A *
= A °
1l A
= *
s A 2
& ®
*
Ly
4
0.0 0.2 0.4 0.6 0.8 1.0
x,/L;*

Fig. 10 Effects of sill on jump length, sequent depth ratio
and 8

w2 S ls Ll i 1o B asil 3 g 456 sl goc
Oyl
(Fr=4.71, =0.08, #=0.66)

O)ke (b 58 (21519 arbgy o gl adlyl -4-Y
(Sleo 4z 0 0 ,5Los)

Journal of Hydraulics

88

15 (1), 2020



IWAD 5l o) oples IO 050

Ml}’k.;o b/bf—o/\v 039»\7@0)0?/ .. ‘)é
Sy pi S Sy akly ) Jow slaosls 5l eslal b

0wl Sy oy, B0 oo ,e &bflj Lyls o p S

P _l1_0gax 1.08—tanh{2.79xx—fj (23)
L

Y j

5 (VY (Ggr—w )5, abslas | E Slade (yi85 Jlas o L
SR MY g ) polie (23 (( SWg 00 (o n Ered b,
(VYY) olae 51 7 cnd 5 Vb (s 99 51 5 ool

) B S gy 99 5l gl b Bes Cas AT S
csily Al 0 50 ) o alBislesl slassls sle p
slhs gllhe 08 Sl 053 co alaxdle 020 oo LS
B ot L a3l slagas S e )3 (o
O Tres d—lome 5 (Sge— )5 ) alslee slo s,
oz g a0, ¥/ 5V Joles o jan Sy yonn
A—o,0 0/ g YO Jolee ol yay (g, 90 3 o laskiul

o
oo sloosls (s (5310 13 Lue b a5 Sl a4z g5 Sl
e glas 3llae 03 (2 Ske (v ons al> o 10 ¥
adobos g, 99 5l angils sloges Cod sl o
(Sgyded o e e (g 5 et (S S
oo g o lasliwl glaz g a0, £IF 50 S 5 @
sy 6 el (VY USLE) Cal aio o VIV 5 /8 Joles

o e S35 B e Sl Sels it b Eperd

BP0 Do ¢
Joe azgi BB cowls Jdo 4 g Vb ol sl
&l oolai il 5550 4l sboosls oogame 4y g )T
SLGes Cumd et Sl 95D Sleiiay (ol
DB 05 )l (=2 e SNy (Sgyee in gl
S eSsm S ) Gt slaalal, (mils 035000 )
oSl B s Sl Slg e i e )
5o ol 950 alisles] glacuilsy 4 azgi b 0g
4 dg9aome ()l (b0 251y Ll b )0 Budow )l
Ssyien G Eresd gy 3 el slice 40,33

SHgyuas
o Experimental data ==—=Eq. (19)
10 |
0.9 !
|
0.8 ]
—_ & %
0.7 sg X!
¢ X == (HD | o
0.6 o .Q =N ] = &
g = | 9] _3
e 05 g8 B
q &3 ! £
04 | 4<< 2 1 8
AT - £ 5
0.3 | wn E\
0.2 |
¥ |
0.1 o
0.0 O3 TR0 R0
0.0 0.2 0.4 0.6 0.8 1.0
p=x,/Lj*

Fig. 11 Estimation of 7 value for symmetric expansion
(#=0.33) ,,lize

O Aagh A5 g 5Ll (Sgyiee oy 92
Syl Jlis
Ot Sl ol oy ol STy Lol i b al i

I B azil b

5 So—y5 ) bl (g, 9 5 ol
44295 bl (Sen ( Sy yien (o Eresd e
st oSy Ll 3 Al les] slacls ol
loalal) o, LS #=0.33 ol 4y dgame oy lie
Geios (nl sl Glages o el o0lei—iny
Sy Gl S0 215 Gleces plo Gl

D 50
2 Pl glaosls eoguzme 13U (s jsliiens
Lyl 3 gl Lo iae Card (el slaala, ol
@ by oo il gl e (550 25T
lacdlsp w5l g (isly 1) Jgu 51 Jos
olpiny slodlal, rwiors Slp ¥V Jow 4 by se
Ly, b j0 05— g0 alaxdMe ) Jgao o colai !
S D3l bl S92 g pas 5 oyl (2pe (215
azewl 8 odgame dr by ¥ Joo g ) Jow sleocsls
V Joo da b e sloosls 4G jgbay o il o P=Yi/b
INY= VY odgumme ;0 ¥dsiwl 3 gV g0 @ bogs e

el dga s a0 bae ¥ Jos an by sloeols g

Journal of Hydraulics

89

15 (1), 2020



AR e 5 olls Ll

e 0 Job g 49l GLBGas Comd Julo

Fbased on jump profile calculation
——Perfect line = = +10% Error line === -10% Error line
12 -
’
P
, z
10 V4 s |
td 7
td
I’O P z
L3/ -
8 T v
- ’ )
\>_,' ’1 o (d
5 P
v 6 i
r: 2,
L
g
e 4
2 T T | MARE-4.5%
SE=5.9%
0
0 2 4 6 8 10 12
M oxp=Y texpM1

oY val1

5 based on regression analysis

= Perfectline = = +10% Error line === -10% Error line

12 ”
’
pre

0 /t ’/

e ,’

s P
’
3 4. ,/ I
0 r
’
6 Y Xl
L4
4
4
4
%
P
Z
2
0
0 2 4 6 8 10 12

X op™Y re/V1

Fig. 12 Evaluation of different methods for calculating A based on the data from Model#1 (Calibration)
(Zelg) V Joe (aliolosl (slaosls b avslio 1o gy 90 5l B Crtd Sl p 49l (sla Gae Cond aunlin VY JSC

Abased on jump profile calculation
= Perfect line = = +10% Error ling === -10% Error line
12
e
Pig 4
10 I’° o 7
z pd
t”% 7 7
S,
8 SOONS > T
= A 5P
\>_]. ° f{% o°/°
i sl
= EXHE, 7
T S
g g
. o 4 < A
<R ]
2
7
2 S—
MARE=6.6%
SE=7.7%
0
0 2 4 6 8 10 12
N oY o1

» cal”y 't-cﬂI/yl

g
00 09,
8 | e 28
° $
e
6 s '3. ax.
'y 2
r'd
og Cd
4 7
i
‘d
‘d
2 MARE=9.5%
SE=9.9%
. -
0 2 4 6 8 10 12
l"exp=y.|-exp/YI

# based on regression analysis

Perfect line = = +10% Error line === -10% Error line

Fig. 13 Evaluation of different methods for calculating A based on the data from Model#2 (Validation)
(o) ¥ oo (2lBislej] sloosls b duslio 10 (39, 90 51 B Cpets lie p a5l (sloGas o dunlie VW JSCi

v,,=0.21
®r=5.41 er=4.71 ATr=4.14
| Fr=3.27 +Fr=2.80 o Fr=2.01
10
o
8
i3 °
.'_,‘—. 6 a + N ry °
% o +
= 4 ----*;..+ +—
0.0 A = K
L X PN
U RS ]
2 0% ’e A !
A
% 5 Fogt 8
5 |
0.0 0.2 0.4 0.6 0.8 1.0
*
X, /Ly

Fig. 14 Effect of relative length of separating walls on the
relative jump length

2 oaisSlas sloo s s Jsb 36 VP JSCS

1ol s lie o Sl Ll b5 sl
SBL drng (s Jsb (6 3yt diged VY S0
L 0olLJ) oylses cmns Jsb alis ,o (LT/LT) o>
O Fr=2 sgu> ;0 54,3 slael gl ay oeo o l—is
Job do,0 Ve 5l yiaS saiiSTlas o)lgs Job a5 lal i
b Se8banuss Job il oo SeudlS (Sgyoen (i
ol S (Sg0ue B Job pln A Sgus
O adsl 9958 dae WIBI L e 5l b
B alS (S5 g e oo Sl
Lo oo alaxdo digas gly .cdly woles (glala>dle

Journal of Hydraulics
15 (1), 2020
90



IWAD 5l o) oples IO 050

Sy

dse Jol> oge 4zl AP USS 4 az i L

o, St a5 s Ly

30 09— oo adax>de (120.05) o lal Sdg un

Job aziliz (Sile job arg ails ol 052g bl 2

SN (Sgy0en p Jsb a0 V7 5l o g

w2 gl 5o Sl a5l (g Gl il S

bl e o i e, lir

i yslme (gl Gae L] il £lis) Lalial L)
L (Sdgpoup oy g asdly als 5,LS sloazy o
28l salsS dnng (6 i o)

o Job (@=5ly1) ailiw] s glas )| zals L -Y
Gr S5 S5 sl ouiiSTaz slao s L3 900
oo Rl gl oo 5o o)le (SO 0

° ©0.7 ¢ 07<0<] 4 I<w<l.66 =——Eq.(21)

0.50 '
0.45 I o
N 5]
| o =
0.40 e U ‘g_
035 351 S
29 | T o
030 g ER E E
a5 | =il
=025 220 °
=) 2
0.20 8o g
I oy
0.15 ]
S0 0.05
005 % gﬁo!. B
0.00 e ° Lo -
0.0 02 0.4 0.6 08 1.0
/Lt
Fig. 16 Estimation of 7 value for symmetric expansion
with sill

2 28 s balyl o Tassl B ek s 18 SO
(770.33) ailiw] 8425 g ,lke

lae bl 025 5 o) lie (Lo 21,5y Ll )0
JL»: 4 ‘5:5.*.».»;) ‘dﬁé‘) ‘(5‘1’l/L““L")1 6Lm°‘>“> k.J"’)‘)"
sl s abaly cplawl cws ‘E O Slp 2

bl oo 0,8 B #=0.33

E*: 1-0.70x|1.05—tanh| 2.70x X2 ||l 2 (25)
Y L; Y1

gk el ‘Ga»lim.:l.‘oj sosls )l G?Lz_wb sl »
SS9y b e de—wlze By, 50 (A lsle) KT
Wolao 518 dlone g, 55 5 VED 5 ) Jolae i iy

AL e WY 5 ) ol S (Sgam S

Al SedlS (g yaee i Jsb plp e aiy
il o

P=y1/b asnl )8 ax g5 LIl 30 samslias VO SOl
Z9> S b g a0 20 4 S (S
Sy (i (o Job (b S 4 a0 S
LS cul o1 el cpl o wcdl saly ool iolyl
Ol Sl i o2 b (Sdgyoen (n Bee (IH

Al dlgm Slpiue (5 5eS Job 10 5 004 ol yo
Fr-2.9 sg0> G adgl 59,8 sae g5l a4y 055 o0 alax>dlo
B ey VT Ll (B gl Goe &S il 5 5o
b Sbbas g owd Job o(#=0.14) 0 il o 4z o
ol SN (Sgyuan n Job plp 4 g
L s 5 oSS Lyl b aSeal Jis o ol conl adly
Sy Ghp Job plp ¥as i SLas wy

bl (Hhb 5 o)lae (20 2l Sy 0925 Ll o
Cad Gy 6l o(A) absleo bS5 50 (F) absles

D350 554 (Sdgyon iy 45l o gas
3,8 bl 0925 5 ol oy 2], STs al i yo
al)l 7 opnd sl 1) 5 abslee o B8 _iulejl slaools

(V7 K duLo.:bae
0.46(x 1% —1
r= Jﬂ__m) (24)
40.24+ u—
Fr,,=2.91
Ay=028 @y=021 Ay=0.14
10
A
8 A
A
. 6|® | A
R A S B/ S
&, A .A
2 al 4
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
prLj"

Fig. 15 Effect of ¥=y1/b on the relative jump length
sisjj)%ﬁ

Journal of Hydraulics

15 (1), 2020



1Wae e g LW L

e 0 Job g 49l GLBGas Comd Julo

2 Slaray 6ln sl Job d9> a5 Cnl i
loo,lgs Job iolidl L asS oo olonl cowo ol
G ges G ¢ (KBl drngl ol Job waiSlas
Azy y0 Ao Cad (6,15 azy 0 0 Sl I —oliagilh
lee Rl Sle

s Sl Jsb 53 95 gn alimdle 1V IS 5| i
ul;.).> (e G u.‘.ial..n eSSl L;Lm)l%o ),.J
S azu ;0 0 Slee 5l iU Zls g0 j0 00l LSS
Ll sl oyl jo (6,8 oy j0 o Shee 5l i
dga> 3l easiSlas slao,less Job ulidl L g oy
59,8 03 ;3 S5 Sy e i Jsb oms s 0
oali8l )lS Az yo o S 51 iU 0,85 095 ¢ Joles
@ Cad () (sl (L (o Bos aS jo g aidly
b oo ial8l Sloe aze yo o Slee

s Jobo o LS s 0g B o alaxdo
30 B e Gos g 450 sl Ges Cond ( Ki8Liax gl
SuplS L g 009 yiion «3YL 04,8 slael gl5l 4 (> g0
Job (rm (e—wg—ire WS V/A Sga> au 09,8 das
s 3oL g Aol gld Gas i ( KL drangd
ouuSTas sleo,lgo eSS sla Job cogase o) B

RYIRHKYEN

a1 by ye (S _tolojl sloosls b aolio slice »
Gllae ;08 Sles s Wl 8929 5 ¢ lie 55k
9 99 5l gl GlaGes Cud (pad )0 (s sl
G Lo 3 (T0) g S, alblan 51 B olms
Aib oo a0 0 O/ 5 F/V Jolro o jiay « Sdgyaun
0Py Mk egsd9e (nl ey slacdle L alis
029 (b b 0,18 Ol 5 (Sedg e S e
5 ol (o, 2 Sls bl b o polie Koo yo

D oo EFRLERY aslin] S4>9

o Job 9 29U bEes Cond dmylio -7-Y
0Ll g ()l drmgd bl 5o (Sg e

o, les g Slos dzn 0 B0 0, Slee SNV S0
s— Job sl pd s ol G)LS a0 b, o
5 25l SloGes Cod ((Slgyaep iy (S8L Angs
P cvlazg L aiS o awslin B s Bos
3, Slee bl & 0 oaiiSlas slao,lgo oS sla Job
0Lz (S8l axwgs sl (g i—ion Jsb «(Sle 4z yo
el 5Ls 3590 g, LS dz o 0 Slas 4y Ces
Selgyaad Gl ,LE 05 w0l S gla b )
b (6 LS Az y0 o Sles Sl 4z, 0 Sles 3 b

Fr,,,=2.80,y=0.22

mr

& Asymmetrical ixpansion @ Symmetric Expansion

Fr,,=2.80,y=0.22

A Asymmetrical Expansion @ Symmetric Expansion

Fr,, =2.80,y=0.22

A Asymmetrical Expansion @ Symmetric Expansion

8 5 5
A
7 *
él® 4 . i 4 °* @
° o3 *a a N A a

s|aa - ° *
" S |age ® =3 A
oy = Z
0k e 4§ a A = . 2 P PR
3— * i *

3 ¢ o <2 &2\

2

1 1
0 0 0
00 0.5 10 15 00 1.0 135 0.0 05 1.0 LS
N
/L x/L* x /L

Fr,, =5.87,y=0.14

& Asymmetrical Fxpansion @ Symmetric Fxpansion

Fr,,=5.87,y=0.14

A Asymmetncal Expansion @ Symmctric Expansion

Fr,, =5.87,y=0.14

wr

& Asymmetrical Fxpansion @ Symmetne Expansion

5 10 10
¢ °
4 ° 8 « 2 8 he
aAd e
. abe a
= A A
+ 38 LR £6| a8 z° a4
~ . s . z .
- A s A e = LA o
}s = P 4 s o
2 A as wik g <4 Mg~
a
| e & e 2 2
0 0 0
00 02 04 06 08 10 0.0 0 06 08 10 00 02 04 06 08 1.0
X,/ ot x /L

Fig. 17 Comparison of sequent depth ratio, jump length and gunder symmetrical and assymetrical developments
Oyl g oy lie (Kbaswss Loyl i 0 f s Gos g (Sdgyaud Gy Job gl glo as Cond anlio VY S

Journal of Hydraulics

15 (1), 2020
92



IWAD 5l o) oples IO 050

Sy

e (Sdgjane G 65 Sl 6l g sanSTax

Wbos Gl Pl Zla g0 o

baslis w).e‘é -0

ai, az, as, a4 S S 5 sl

b A0 2,

C1, C2, C3, C4, Cs, Co Se S 5 sl
Fo Ol o 3l o3)ls 6)Lad 555
Fr Soded G0 adsl 09,8 due
h() o adly X alols o (Sdgyone 5y Ges
ha B Gl Ges
k’ aili] (ggm 5l 03l jLid g595 2ol o
Lj* ST (g o0 G sk
Lr Selored (o (Sdbanwss Jsb
s il glas )|
Q =S
v Ol 0eSle S
Xp 0aiSlaz o,les Jobo
y1 Sse S adsl Gee
Yt SHgier oy 49l Gee
Y5 S Sy Gy il GlaGes S
F=haly:
n=b/B

adgl Gas 4y dig azn )0 jgle (Bos G

2 28y o
K bl HLid 598 ol &y bgyye o
ﬂ*:yt*/yl 4.:9;L: 6L‘°g§*‘° Connnd
oaiSlax slaoylays o Jobo
p &=
TLQJT eiloe s iy glodaz 10 jglxe (slo e OS]

P=yi1/b a0 oy dadgl Ges Cad

w=sly1 aliw] oo glas )|
cal P SO

exp (0us onaline) alKislo;]

L hacd
R C«w‘)

& azes ¥

(52,5 2151y Camd 13U (can) (el (i (] )0

ol wlbiwl g eaiSlax slac)lgs s Job

S8 args Job g a5l laes Comd e sl

I LS @bl Wb (g S ezt (Slg)as Sy

B Sy b o 4l Glages e
e o3l ns o)Ll g e

Dbl e f s
5,90 BB iolej] (sloesls odgaze jo a i ala>dle
c F0IB glodsiwl 3 Jolss Guizd ol 51 eolazuwl
GLQ"\-L’-.") )| oola ! ww=sly, 9 P=yi/b slu:Xp/Lj*
Gon Ee (R g Sl 50 5 (S S
D5 50 dnogh off dloe gl ( Sy e

Lyl, 5 0 waSTazr sleoles S sloJob jo %
S i Job ()lie (21 519) (Sles 4z y0 3 Shes
4z ;0 0 Slos 4y Cod by (K86 A gy sl
ol Lol 53090 (0l (25T9) (5,US
Jsb ao,0 0+ 390> 3l caiSlas sloo,lgo Jobo
G S8k anegs Job (SIS (Sdg 0 n
@ o ()S a0 0 Soe 51 L (S5 000
10 6,8 a0 0, Sles Lyl o 0 gl sla Ges
Lol eS¢ Sl azm 10 8 See L as e

Wby (Sibarwg Jgb bl b byl,s o %0
beo Ll 4 gl s Ges Cud g ralS

sloo,lg Job amiliz il wl g5 byl & o <>
gy Sy Jeb ao 0 YA 5l 2eS saisSTas
9o o Q)La.ml.: gsi‘Jﬁ)M U”J" ‘d_wL:‘SA uS.«_w){S
wli! b ls 00,5 o JSs :uzalfﬂ Az
b oo HualS o 0 Y8 sgu 4 e oyl

G Caed (Sl e Gy gl Bos a5l
Job (b S (295 S hias g a0
Bl dalgs o8l Sbbaswsd o

@ yolme sloas B il glis )l ol L %
b Ssiep (o g 4l Sals o)L sloags o
8L valeS drwgd (g o o,

Slooylgs Job il T i gl als L

L)

Journal of Hydraulics

93

15 (1), 2020



WA Loy g LLs LS

vy Job g 45l s Gos Conns Judd

Kusnetzow, S.K. (1958). Die Fliessbewegung bei
plotzlicher ~ Verbreirerung des  Strombettes.
Gidrotechniceskoe Stroitelstvo, 27(H6), 34-37 (in
Russian).

Nashta, C.F. and Garde, R.J. (1988). Subcritical flow
in rigid-bed open channel expansions. J. Hydraul.
Res., 26(1), 49-65.

Nettleton, P.C. and McCorquodale, J.A. (1989).
Radial stilling basins with baffles locks. Can. J. Civ.
Eng., 16(4), 489-497.

Noseda, G. (1964). Un fenomeno di instabilita del
risalto lungo una corrente veloce in espansione [An
instability phenomenon of hydraulic jump in
enlarging supercritical flow], L’energia elettrica,
41(5), 249-254.

Omid, M.H., Esmaeeli Varaki, M. and Narayanan,
R. (2007). Gradually expanding hydraulic jump in a
trapezoidal channel, J. Hydraul. Res., 45(4), 512—
518.

Omid, M.H., Gord-Noshahri, A. and Kouchakzadeh,

S. (2010). Sill-controlled hydraulic jump in a
gradually expanding channel, Proceedings of the
Institution of Civil Engineers-Water Management,
163(10), 515-522.

Peterka, A. J. (1958). Hydraulic design of stilling
basins and energy dissipators. Eng. Monograph No.
25, U.S. Bureau of Reclamation, Denver.

Rajaratnam, N. and Subramanya, K. (1967).
Diffusion of rectangular wall jets in wider channels.”
J. Hydraul. Res., 5(4), 281-294.

Rajaratnam, N. and Subramanya, K. (1968a).
Hydraulic jumps below abrupt symmetrical
expansions. J. Hydraul. Div., 94(2), 481-503.

Rajaratnam, N. and Subramanya, K. (1968b). Profile
of the Hydraulic Jump. J. Hydraul. Div., 94(3), 663—
674.

Safarzadeh, A. and Baher Talari, T. (2017).
Assessment of the Destruction Causes at the
Downstream Basins of Mill-Mugan Dam Using
Computational Fluid Dynamics. Journal of
Hydraulics. 12(2), 13 —34 (In Persian).

Smith, C. D. (1989). The submerged hydraulic jump
in an abrupt lateral expansion. J. Hydraul. Res.,
27(2), 257-266.

Torkamanzad, N., Hosseinzadeh Dalir, A., Salmasi,
F. and Abbaspour, A. (2019). Hydraulic jump below
abrupt asymmetric expanding stilling basin on rough
bed. Water, 11(1756), 1-29.

Unny, T.E. (1961). The spatial hydraulic jump. IX
IAHR Congress, 32-42.

Sl Pl —F

5 byl eele cdad Yo un slacslas 3l Basss
3 Ol oBtils iSa 5 s)lel laasid (55l
S oo 6l diloses Bzl plox]

2o -
Bakhmeteff, B.A. (1932). Hydraulics of open
channels, McGraw-Hill, New York.

Bélanger, J.B. (1828). Essai sur la solution
numérique de quelquesproblémes relatifs au
mouvement permanent des eaux courantesEssay on
the numerical solution of some problems relative to

steadyflow of water. Carilian-Goeury, Parisin
French.
Bremen, R. (1990). Expanding stilling basin.

Communication, R. Sinniger, ed., Laboratoire de
constructions hydrauliques, Ecole polytechnique
fédérale de Lausanne, 3.

Bremen, R. and Hager, W.H. (1993). T-Jump in
abruptly expanding channel. J. Hydraul. Res., 31(1),
61-73.

Chen, J., Liao, Y. and Liu, S. (2013). Energy
dissipation of hydraulic jump in gradually expanding
channel after free overfall, Journal of the Chinese
Institute of Engineers, 36(4), 452-457.

Ferreri, G.B. and Nasello, C. (2002). Hydraulic
jumps at drop and abrupt enlargement in rectangular
channel. J. Hydraul. Res., 40(4), 491 —505.

Hassanpour, N., Hosseinzadeh  Dalir, A,
Farsadizadeh, D. and Gualtieri, C. (2017). An
Experimental study of hydraulic jump in a gradually
expanding rectangular stilling basin with roughened
bed. Water, 9(945), 1-23.

Hager, W.H. (1985). Hydraulic jump in non-
prismatic rectangular channels. J. Hydraul. Res.,
23(1), 21-35.

Hager, W.H. (1992).
hydraulic jump. Kluwer Academic,
Netherlands.

Energy Dissipators and
Dordrecht,

Herbrand, K. (1973). The spatial hydraulic jump. J.
Hydraul. Res., 11(3), 205-218.

Herbrand, K. and Knauss, J. (1973). Computation
and design of stilling basins with abruptly or
gradually enlarged boundaries. Int. Commission on
Large Dams (ICOLD), 11th Congress, 57—79.

Kordi, E. and Abustan, 1. (2012). Transitional
Expanding Hydraulic Jump. J. Hydraul. Eng.,
138(1), 105 -110.

Journal of Hydraulics

94

15 (1), 2020


https://www.tandfonline.com/toc/tcie20/current
https://www.tandfonline.com/toc/tcie20/current
https://www.icevirtuallibrary.com/author/Kouchakzadeh%2C+S
http://jhyd.iha.ir/?_action=article&au=74048&_au=akbar++safarzadeh

124 5l o) o,loud VO 0,90 Solg e

Zare, H.K. and Doering, J.C. (2011). Forced
Hydraulic Jumps below Abrupt Expansions. J.
Hydraul. Eng., 137(8), 825 —835.

Journal of Hydraulics
15 (1), 2020
95



