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Abstract

Introduction: There are generally two main methods for measuring open channel flows. The
first method involves measuring the average velocity and cross-sectional area and
multiplying them to calculate the discharge. The second method entails creating a controlled
depth using a structure, establishing a direct relationship between the depth and flow rate
(known as the stage-discharge relationship), allowing the flow rate to be directly determined
by measuring the depth (Potter et al., 2012). Since the hydraulic behavior of these structures
differs under free and submerged conditions, determining the boundary between these two
flow states is essential. The threshold of each structure represents the boundary between
these two flow states. So far, no studies on this topic have been specifically for flumes with
combined cross-sections. Therefore, this research aims to cover this subject. This study aims
to experimentally investigate the threshold of submergence in trapezoidal-rectangular and
triangular-rectangular combined cross-section flumes. For this purpose, the submergence
threshold of these flumes is examined for various flow rates and geometries. Additionally,
empirical relationships for both proposed flume types have been developed after
dimensional analysis and non-dimensionalities of influential parameters for engineers to use
in the design phase. Finally, the submergence thresholds of these two types of flumes are
compared.

Methodology: The experiments in this study were conducted on horizontal and rectangular
flumes with dimensions of 20, 0.6, and 0.5 m for length, width, and height. The flumes feature a
closed water flow system and an end gate to control of downstream depth. Different models of
flumes were tested at various flow rates. A total of 170 experiments were performed for the
trapezoidal-rectangular flume, and 101 experiments were conducted for the triangular-
rectangular flume in the threshold submergence state. The effective parameters influencing the
threshold submergence of a trapezoidal-rectangular flume include geometrical parameters, fluid
characteristics, and gravity acceleration. The geometric parameters are the height of the flume P,
the amount of floor opening a4, and the width of flume B. The angles of upstream and
downstream transitions are not considered as they are fixed. Fluid-related parameters include
dynamic viscosity p and specific mass p. Another crucial parameter affecting flow in open
channels is the acceleration of gravity g. Also, flow-related parameters, including the upstream

Journal of Hydraulics
19(3), 2024
85


https://doi.org/10.30482/jhyd.2023.414643.1672

Experimental investigation of the Threshold... Soltani Kazemi et al., 2024

depth /1, and the downstream depth h, are effective variables on the threshold submergence.
Using Buckingham's II theory, with parameters u, g, and h as repetition variables, and
applying the theory of incomplete self-similarity (Barenblatt, 1987), the final expressions for
the dimensionless parameters are derived as Egs. (1) and (2).

- o
hF=(g) f2(2) )

where m is a numerical constant that is determined based on experimental data.

Results and Discussion: The results indicate that although the h/B index shows a consistent
increasing trend, it effectively fails to differentiate between flows with different heights. The h/h
index demonstrates that this index does not exhibit a consistent trend compared to the h/B
parameter. Therefore, based on the analyses conducted in this study, /P was considered a suitable
threshold index for both types of flows under investigation. The index increases as the height of the
flume increases for all three triangular prism side lengths (5, 10, and 15 cm). It is worth mentioning
that the changes for low h/B ratios are negligible, and the difference between different flume depths
increases with an increase in this ratio, especially for structures with side lengths of 10 and 15. The
results show that with an increase in this parameter, the threshold submergence index decreases,
indicating an increase in the sensitivity of the flow to the upstream depth. For a specific flow height
and discharge, the upstream depth of the structure decreases with an increase in the parameter a.
Therefore, the upstream energy of flows with higher opening ratios is lower, resulting in their
submergence at an earlier stage. Similarly, for the trapezoidal-rectangular flume, an increase in
height leads to an increase in the threshold submergence index, causing the flume to submerge
later. Equations (3) and (4) illustrate the threshold submergence index for the combined
trapezoidal-rectangular and triangular-rectangular flumes. The results show that more than 80% of
the data have an error of less than 5%. The provided empirical equations have achieved
satisfactory accuracy in estimating the experimental results.

% » (%)1.1 (%)0.088 (270056 @)
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Conclusion: The investigation of various dimensionless parameters has shown that the ratio
of the downstream depth to the flume height (h/P) is a suitable indicator for the threshold
submergence for both types of flumes. In both types of flumes, as the flow depth increases,
the threshold submergence index also increases, indicating a decrease in the sensitivity of the
flume to the downstream depth. The study of the effect of the trapezoidal base on the
threshold submergence index has shown that as the base width increases, the threshold
submergence decreases. A comparison between the two types of flumes has revealed that, at
low flow rates, the triangular-rectangular combined flume reaches the threshold
submergence earlier than the trapezoidal-rectangular flume. Conversely, at high flow rates,
the trapezoidal-rectangular flume reaches the threshold submergence later. Statistical
analyses have demonstrated that the proposed relationships accurately predict the
experimental results, with over 80% of the predictions having an error of less than 5%.

Keywords: Flow measurement, free flow, submerged flow, experimental modeling, flume.
© 2024 Iranian Hydraulic Association, Tehran, Iran.

|@ @ I This is an open access article distributed under the terms and conditions of the
Creative Commons Attribution 4.0 International (CC BY 4.0 license)

(http://creativecommons.org/licenses/by/4.0/)

Journal of Hydraulics
19(3), 2024
86


http://www.iha.ir/

Olp! SHg e (ol
S s 4yl » (g Al

it
g

1Pt 5l AA-AD Olxio ¥ oylods 4 Jlu  resenimsouicssodion  https://doi.org/10.30482/jhyd.2023.414643.1672

5 ¥ ool b sy gld B il Skl AELLHT w)

choWI > ‘*VSM)% > A0 crol.o).glg gl.o.g,La R0 A eo.BV @lhlw >
"3 0313 (b Sy

Oyl g ¢ el Sl3T olKtils «jidigds aly cinn s lame g O pole Glidsd S 0 ol cwiige 0g,5-Y
Oyl g (oMl ol3T oKzl pbgds alg w0l (cwdige 0g,5-Y

* purmohammadi@gmail.com

www jhydihair «SJs,ae a,m oy EHE VERN /o) sy s 0B OE YA D 15l DE TSN 2l

w3l ol 5l eoliiwl b by (s uSeslasl Jaol 51 (SO ol oo 5L (5 lre 50 O (6 uSeslail Jglaio (slaojl 51 (S pold todas
o5 5 LTSI L sl 5 0 3l psnl il (et Gaiiow (al Ban ailios Ol 5l su3e Olz 005 G b ST 0g At
5 ol plojlaw s aum olfinle;] )0 e +/0 5 <17 Vo (i gl g oy (Job 4 pgld SO p0 Gudos pl slajiule;] obl oo
5 el ilie laio b pgld Joo ¥ g (elataem glaiiyed ahatie b pold Juo & 3eiow cnl (gl sl 00l plonil b 2
elas,l mali8l L as ols lis gudon ol gl .ol ool ploxl SialesT YV Egorme ;0 g aid )5 (13 Uinlesl 0,90 calizes sle oo
30 elaine - o adaie b pgld aS amo o lid il pold 90 auglis (prioren 09d oo oS SLL Gos 4 o5l Conlus pgls
Sl rmolin o5 Ly, o e 0y A (ygmnn S a5 o8 it 095 Lol 5 solal Lol oolisid L 353 oo

S a8yl pald g0 g ya 5l al wiliw] asls

psld (AR Lslojl (53l Joe 13kt Gz bl Glyz Ol xS oslail i Slganls

sl o0 )| doddio —

el i ;o Lacalad pae d925 Joo & S g Laanl ol 1o T by il 9 ol (s u50jl]
oS Gl Sz an g)lre 4 o 5l )b N P TV B PCHIE DU VS SPUP S T P 1S
kel Gromiw sl aBbos i b 5)lre 5o —aliee alS cel o] s Shles 5 03g e Lol
3 3)l8 392y (S (g 93 edee D90t b (sl 98 s Jsns 5 Cupde s | b eloix] sl
9 abaie g 5 (S0l oy (S0l L gl b, 51 dige ool (3,400 5 (sl (glagly SUSely w ]
St b pgs (g, )0 05 o0 e (0 bap)] o 15 ool 53t aShl aly azgi b il oo palyd |,
i alaul; sl 5 o5l SOl sl b J 7S e ST e 3gaS 305 13 e Sas 5,5 slaailaie
(e SNl b (JBh20) (lyz (23 5 Bes O st Lo bl 2lls S 4 san g ol > o
Potter et al., ) asl oo Cwddy peii s & j50 (20 b Ystes sz b plEen 818 Syspe by ol
(2012 5 95750 2l slogaie Cape 5 G 55 olnl Jsl

GSoslasl slahy, 5l (S s Gl a5 b oles —ojlw Boe I L., K as 1) ol dg o poe
bls,lg Jyus ehaiie Je5a5 oy, 5k 6ol )3 0l S a5 50 o )lome 4o il i O sl

Journal of Hydraulics
19(3), 2024
87



V¥ oy San g ooslS Sllabus

b spgld 5l rw! FHCw| sblf.&.al.o).f Y

Slabss sl sla Jlw ;o 0 ools axwgs (1967)

ol5elS IS L podd g9 ol L bl o il
Weber et al.,, 2007; ) cwl oo sloul Lot wee

Ramamurthy and Tadayon, 2008;
Temeepattanapongsa et al., 2013; Manekar et al.,

(2007; Xiao et al., 2016; Das et al, 2017

50 a5 g o0 Sl oo jlade Lad sleanl ] ae yo
Slaias (zrss B (0 s Jlw @ llse can
S 005y (gl sy 5] il aanlpl cnl (B
—dg) S by (e o wiile (ploosle l ool
StV 50 bogw,y Conciid b s (pl )0 .08 0 g,
2 Oalpl B Sy el (2L sl e
Lo wlgh oo a5 LSl b pgls S &l @50
G St g 0S (6,5 olal el B0 L 1) oS
7503 (g il el 5 Wil e ol atslai 1 e,
Slodgaze (gl o j0 ooliiwl 5,90 5 09250 (lapald
e Ly oLapsls el b g o ool oo 5] aseie
b A S oy B e S
(i Ceomd 5 Ly oo sl o (slajed il
03990 (5 s w5 e o 3y 3L (sl oo (sl o
Sl g oy b oS sla s 5l bz g3l
wsdd g9 opl 0 S j0  SaalWb yiilss s 4 pizmen
Ol ol Sy oo (0 %S 4 gy 38l 4y (S
S o iy B i 5 (S gacn 3 Slos L5 ol
sl CllB gl

atie L pold o), 4y Alai and Vatankhah (2023)

Bt ool jo aSle olﬂ ol als o (glaksyed
)‘ GQLL._M:‘ LJ ‘53_15 83_) L}"" ‘530 u.u..u Lglf ‘S:Lmd.]asl)
S5 9 g Aolae golal Judow alises slo g,

Al by l.mQT Selas o glas g ol &l
S Ao 90 4 6 Sosll o3l SOl 6yeee L=
W =I5 PVIEN PR JEC PSR T PRR PR e
Loojlu ) (Sdg ann o Slee aSyl 4y azgi b 0gd o0
O 5t e el Sgliie § e g 3T Layl il o
Ol o e @8ly po sl 5900 (L I > g0 )l
oS ail o lojlw o 5l sl Slew! cJl> 99

sboojle ae) cnl )5 wdbioe J2l g (25 O pefins
ool St )3 lapgld g ey ey aiile caliSe

(White, 1990) 555 oo
SaB S IS Dyg0 g0 a4y aS we gleojle apsgld
byl g JyuS Goe JSa5 el 655 0 o g o)L
L slopsld )0 0580 ol s 5155 5 (29 (ont iios
5 &le g0 5l oolaiwl b anl T alade o5,LS  SosSs
otion S5 Sl a5 4l ialS ol o)l
S 5l oolicl b anl ] alaie 655 50 ailge by clapslé o
SR SERE JRr DPPECTIEIN: SIESL RPN
dsy5s pelanile (it slapsls (55l 050 e
¥ ety a5 glailgil ol 5 olisS oI5 T Lo
359 Lo gl ;500 81535 0 &lse b slapgld
Parshall, ) osla=é 3 ), 3 coi o j0 oolaiwl g o) p

1950; Skogerboe at al., 1972; Blaisdell, 1994;
Vatankhah and Mahdavi, 2012; Saki et al.,
2016;Carollo et al.,, 2016; Yarahmadi and
Vatankhah, 2021; Khosronejad et al., 2021;

(Khastar-Borujeni and Samadi-Borujeni, 2012

55 D9 9 b slapsld (S axws 50 @ plgiee | Lapsld
e pold JLih aile o5 L slapsld o8 (G
o 4l 5l 55 G5 las iy et 4 Jgene 5k
oylg0 yo (San STl eolainl b s oIS g0y slapsls
Faai oS g jeolw o] Cile 5 digd e Sl anl ]
4o ez 9 o5 b slapsld 5l lisren 4z STl
—psld Iy 05850 oolil lag bl (o5 ailken JoJs
Sy5= Lol cnl jo 5 ools JLSla b ol5 oo slo
ke Gl 2byyl g oy O9SE lad 518 azr g
ilwosln Gan b sl sy ssle slapsls b LLS | 4o
Sl ol ploil o5l sl s ol S g ol
Samani and Magallanez, 2000; Ferro, 2016; )

Carollo et al., 2016; Kolavani et al., 2018;
Bijankhan and Ferro, 2019; Vatankhah, 2017
(Aminpour et al., 2020; Vatankhah, 2021

Skogerboe and Hyatt L g jLel o 915 a0 pgld

1. Venturi

2. Parshall

3. Cutthroat and long-throated

4. Cylindrical and semi-cylindrical
5. Central baffle

Journal of Hydraulics

19(3), 2024

88



\f.¥ HL? Y c)l.o.{;') ALY 099

Sy yuad

Sl 5 50mbs lesls sl adly ol Gl
Lol sl 5 Y00 L ol ol bl (gl
5 ol e 2 Bl il SV
U pgds CansW Goe 2 bl Goe sl iy ks
2,185 oo

2 e @Btalel 5o any sl wilinl (n (sl
Ol el b (LS4 Slosil oo a5 Ll o 5
o SLL dazn 0 g a5 4 dslol jo 09l 0 18 5 N
(Gos Gl 5o 5l ey sl Gl Qb 51 B eads
S ol a5 09 esls Loy 4 (S pley Wb
S A0S el delsl olin b ae ol 05 S uils
s sVl e Gl el Sl e ity il
Gl sl G 3l e ol g0 s oo e e Y o3l
Sl gt 4 Conl 0sd CessVl Gos Ligldl csly a5
Sy ge Bl 3l il

Slalold jo cansml g CawdVl Gos o olosl ool jo
5 095 38 ol s 45 555 o 5 S35l 5
Jobas ooVl Gas el il ezl e glaglug
bolyd pedd CwoVb Gae plp ¥ (lalold yo Joons
JJo a g s Cwdimml 49 9929 Gl b el sl
ol 9 Laplos 5 o b3 b (Sasl ( Ssyoem Gin
Shlabaols jo Sl Goe 09-d oo (s
S Laglwg (ol a5 090 Sl p pgld Caws il
Awdid pizmed g Ol (20 4 di Aol )l el
sl e glite it slapsls

ol fdes —Y-Y
s 9@ S (Saiib jlade P gl elas | cwais
ol 9wVl sla bas slaaygl; adb o B pgls
Sloasul 3 0s b cod Lld og <ol Jdo 4y s
P eyasa g M b il Jols Jlow 4 by e
3 sl 0 Bz = i azul B oo all e
A bgoye sloasmul 3 pioren il 0 0 S5 Sl

o e Bam by i ol opal s el o0t oloul

Lol 00l plxl £9.590
50 Gl il ailiw] olBiole;] (o) 2 Bubis opl B
e g helatns —(sladijed (oS 5 e b slapgld
5 Lo il an jsbaie (l gl ol (bt e
Loyl 3wl asbiwl daojlw ol calizes slaawain
ool sl Gizren sl oat (oLujl g (o 2
5 bl Jlod 5l oy (o2 ad> e 5o Glaige
2 lp 228 slaalal i5e slaaminl b ile dne
bl woslys 5o el sad @3l solpriy pols g5 9o

ol 005 gl w2 b psls g5 59 sl 3l

gy g Slgo - ¥

AT s 5Lduts 1Y

JSi Judatas g 881 ogls [0 G ol slasioles]
30 e o0 g [P Y s yan gl g oy sk 4
pods s slowl Gl G g ol lojle olKisles]
S Sl g el O by (st ailale S5 sl
ol )9 0ed o oslaiul Sl aon o 5l Caws ol Bes
Sl ped (63959 (9 i 9 S5 sl Gudos
&lpccwl ool solewl Gy (T 3l e a8
55 o (ebais 32y 5l pold 4 (63955 (20 6 S0l
sokaied 0l oolaiwl dilelu cewspmly sl jo 70
Clw gl i oolaiwl pold (5, miw Gos 5l psld
)_».4‘;1.».9 Y Cwls a4 o,:.:b.llj u_ﬁ—‘ 4\_9)5 )‘ LQr:}lB
Clpsal s gl o) gl Ko ol s oolatu!
5 sl —glaijsd pols S slod 5 aRlej]
Bios ol 50 020 co iules |y (Ldatas - ilie pold
g 00 iolejl calisee sla oo )0 peld alises sl Jow
5 (helins —(slaiize pold (sl Gialesl VY ggazme )
alw! el o Lot lie pgls ol iolojl Vo)
o=l lagiolesl Slos ) Jgas 0 .o plosl Gl el
RGO PRV -

L 4 conl Gl Gos 5l 5515 &8ly 5o &l al ailiw]
JU-O YN VO ISRV Y PRpe-SON-S ] PR SOV S |

Journal of Hydraulics

19(3), 2024

89



o b Gpgld § pw] dibw] s bojT o)y

VY oo g oolS Sillaluo
—B i B/2 ?
B a
—B
(a) Top view

2 Section B-B
7 B

(c) Experimental view

Fig. 1 Schematic and an experimental view of
trapezoidal-rectangular flume

M50 ol aliles g 5y 5 S (sles ) JSC

9 99 IS o jadsn; sae 5l cnlply wiil e

gbioe )l 25 S5 4 ol 4l
(o)
wliwl gl Goiod aning )0 &5 Cwl 550k LLs
4o 7 he/B g he/hoile 5,50 slaasls il al
Bijankhan et al., Josloas 8 ,me 3l il ailiwl lgie
oo o3l Lt gl sy o a5 (g sblen (2022

el cewsimly o N cassVl Gae Jols oL >
b oe @il aliol 5 5o (sla e
fi(h,hs,B,g,P,p,n,a) =0 @D
5 (Barenblatt, 1987) ploSiSL o ans )3 5l oolazul b
OS5 sl i lszeah 59w sloazinl 3 bl b
by a9k Syped | (1) alaly Gles e
B aP h pW

fl(m'z'?T>=° @
slacel any plgSee ar g slaazinl 3 nl S 5 L

Sy (8 Femlin da (90

hy P h;
—ty__t 3
L @)
a B a
—— /2= 4
Ty h/h B (4)
1/B ay\ P B-—a
= (=——Z) /== = 5
3 Z(h h) n- 2p % ©)

25 ©ogme 4 (V) abaly aay g glaazinl 3 onlnle

h: h a _pygh3
- — — g7 Ya 6
P f1<BﬁBﬁZﬁ 1 ()

50 bl oo jodel ) due

L ihs aziwl 8 (F) alal) o

OFO 5l 55,5 sWeu, dae g nl slagiabel

Gz ol Etalojl slaJoe Slojz ) Jgu
Table 1 The details of the laboratory models in this

research.
Flume type Q (L/s) P(cm) a (cm)
15 5
20 5
25 5
. 15 10
EZEFZ:QS;’; 33955378 20 10
25 10
15 15
20 15
25 15
20 -
Triangular - 25 -
Rectangular 3.39-55.378 30 -
35 -
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