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Fig. 6. a) Temporal performance of DO variation for different geometries of stepped-pyramidal weirs at flow
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Fig. 8. a) Temporal performance of DO variation for different geometries of stepped-pyramidal weirs at flow
discharge of 6 I/s and Photos of stepped-pyramidal weirs with different geometries: b) without sill (SG1), ¢) with sill

(SGy), d) sill and labyrinth with space of 4h (SGs), €) sill and labyrinth with space of 2h (SGa), f) sill and labyrinth
with space of h (SGs)

b o8 oo YIY Lausgio ysb dy ol aslyy Cilises
Sl 50 Jole 5T (55 4 59935 Ol ) 0
A..S 0)‘5 ‘)
0% 22~ SSL ey 0 Shes (1) JSG )0
o pgad ol por 4 Jol (L sl (a8l p 2V (50959
)5,JoQLo.m el 00 0ol uLW Q] )‘| SogE uL’P 65§H )‘l
Ol Sy bz o0 GRlBl L gy e il as
5 abso Gl Sl Sl g)0me bz (S5, loars

¥

Ol 5o Jolme Gt ol oSles 4 axg b

A s 50 a5 550 (0 50 Glalejl 9550 slags e
OS] Gty loy e el oals ools ylid (!
BYY B YPA (i) g2 p S idee V 0 ¥ 51 0l 4o Jsloo
O HlaEe (s 565 4 ol 4l YAD lawgie job 4 5 4l
Bl b oo G 525m) SG2 dwsin 4 bgiye
o3) SG3 dussin &y bgspo )] ok oy yidie § (dimsgny
Kz @S ALl 5 (oSS wliwl b e ya- S,
blyd o anper plpsa ol (L gl

slrawae o e - S 5w S (g0



@13 Jglomo (gamST lalio p2 (g0 p = I s pow 3, Shos (21N Lojf Anlllane

o dals jo Ja ol ials Wiy, laml oo asly p 3y
wg,y aidlaile co ol Lo ,a sl I P U Y a Sl
Obzpe SG1 dwain) osle (goyp - S ) (a8
b Sl g aliw! coas b G0 Sole a0l aall
L oo ~SSL Glop,mw oSlee Sdgyoue op
03gazme ;0 (o0 il Lo ,aia @it ‘_;LmAaLwT
ulSl.: 6‘)" ?<h/yc<ﬂ 9 (5999 U&L 6‘)" \“<h/yc<f
e G ol 28 3 2, L ol s
3l ogd g 0aud (V) USS o loged jo a5 jeblen
22~ S e Sladwaie alSe gloawaie lae
«(SGa) L gl )| plugs 5,l085,15 dlols 5 slo 5
o a0 O)le 4 aes Joslhas slaas
e S8 les Conl atuily ailbin] cual b (g0
Seate ol )0 Joloxe (ST clale il 0 1, SIS
9 Sl (5 5 S o o0 505 (y sLd Sl (5550 Ol
Ol 5o (Sdgpes i 0 YL (Suasl g bis
5 55 oS 3, g oS sl 355 sl

Dy dlg> Togllae SGy dwain o

a8 cwl ol 5l Sl alBasles] slbosalin 4o
G Al S SsS leo S slul azse S (20
oo SiS K3 Ol 4 0ghioe i lap] aolga
o A p e Glahy Wlgiee S SasS
S 8)ly o p sy slom 5 ol

Oloy Do j5S e (@23 lp (W) IS 4 axgi b
Sl S Ve ¥l ol e Jolre 5euST (o,
oS sl a3l YAF Lo jobs s 5 auls YOA b YYD oy
~ S5 55p) SGs duwsin & bgrye ol Jlaie (S
g, b ply 6,l38,5 alold 5 (glo, s Gliwl b (oopm
500p) SB3 dsim 4 bgyye ()] e (i 5 (IS
Mz @S, ALl 5 o K8 Bl b o yo- SIS,
Selgyied Lulyl 5ol pipla ol (OIS W)l
islys aliSie sladwain ;o ooy - S ) 95 S
Ol sl y2 0 adl 5o S e VIV Lasgls j5bo oy ol
aled 32,5 1) 0l 5o Jslome (5T ()35 4 (599

S o 0 e Sl Ges (V) Jgux o
s Pl lagizie «(V0) IS8 50 5 e slapSh
>y ol 5o Jslre 05T 3255 Olies 2 (29 9 A
0 oo)sT (MQ.1/S) cewm 5 (CinilQ) ¢y35w0 4s (539,59 N

Ol bz 20 GRIBI L ol (Las o s o]

Wl 2 AV Y b )3 5y pw GG )3 (oo (F120 o8 Olpudd =Y Jgaa
Table. 2. Variation of relative critical depth on steps of weirs for flow discharges of 2 to 7 I/s

hlyc
Lo olens ot
Ne Ns N4 N3 N2 N1 Q)
Vo/¥ VY- \WY/0 ARIAY a/y V¥ Y
WY VoY /0 NY \x g Y
Ay MNA v/ £/ /A \AY ¥
AY \li FIA A o/ ¥/ N
vI¥ sIv &l olY ¥/¥ \iid 4
sIv &l o/¥ ¥Iv ¥/ \vAs \4

Yo



YY) - £ aiuo/ V€Y LU/ A0 0,Loand/ Y0 0,98/ (iSR} 9 (5l (S 05w owiigee Clikis

mQ=71/s (a) (!

lly,

SG1 SG2 SG3  SG4  SG5

Py, .8

\\ |'il‘ “

Y X
N, “\
T i
\ e xff
. £y

SGy, Q=T Uls, (y,) N1=3.2, (h/y,) N6=6.7 SG,, Q=7 I/s, (/y,) N1=3.2, (h/y,) N6=6.7

b 2 AV (23 12 o = S 2y o ilisee bt )3 O 53 Jglone (3 3amT ial331 (Silo 3, ke Bua o (1 -4 JSCS
(SGs) hg,135 )5 Aold L 2,55 g ailiw] (9 (SGa) Yh (5,135 )15 Aold L 2,55 g aibiwl (2 ((SG3) £h (g, 35,5
Fig. 9. a) Temporal performance of DO variation for different geometries of stepped-pyramidal weirs at flow
discharge of 7 I/s and Photos of stepped-pyramidal weirs with different geometries: b) without sill (SG1), c) with sill
(SGy), d) sill and labyrinth with space of 4h (SG3), €) sill and labyrinth with space of 2h (SGa), f) sill and labyrinth
with space of h (SGs)

\rd



@13 Jglomo (gamST lalio p2 (g0 p = I s pow 3, Shos (21N Lojf Anlllane

45
—a—SG1 —8—S5G2 —o— SG3
SG4 —— SG5
2D 35
S
&
= A
O 25 /b\
\‘
1.5 1 1 1 1
1 3 5 7 9
Q (s)

o =S Sy 53 Ol 43 Jglore (5T (32,55 (25 9l Ylade  ilises glrdwsid 1Y e S
Fig. 10. Effect of different geometries on the unit discharge injection rate of water dissolved oxygen in
stepped-pyramidal

e 10,558 g el &liwl ghls slagy sl o Shas ws
oy 5o PS5 (Suasl [l o] Jds 5 09 o
&S psba cwlapll 5l e el e (S
by oS oo YIY Sl 0 ¥ Bla 5l oyl o Slae
Wl et O3 4 o9 Ohr S e
Ol 5l as ol plas cvelcasods bl Judoiga o
Ao b oy poo (o0, (G 525 5l ilisee (slodnsin
o Shao YV 0T 3 Jsbos (50m1 325 b b SG2
Ot LIS Oie & 89555 Glz S e 0 4l
oo b awslie jo daojle cpl &Sl il o Shee
wile (2olsa slaojen 5l )l )3 (polge slaay ;S
(S y9nSp Cd,iwl fs g OMoL g Ol slaababas
sloslo ploreds aiilgs oo S (oo Jd (5 a5 sLaS

Aigds ool 3Kl

YV

S 5 A0
2o —SEh Glon) e o Shee (Gl (0l o
l52 39,5 p3lSe ol (gosy 2l 55 Jslome 5081 21538
iy S 4 b,z 0555 Jelds by e o0l po STy
2 Sl Soped Gon o lsmsnl LSS e 5
oy O3 & lsmgol (65lBgs Bogi 09,9 Caled ;o 5 OISk
slacwbs o ol las sdelcuwssdy mls o)y ol
S8lee ool Sy glossyp Ye>V e (L0505 A0 oS
b ool &bl coas Ll 5l lndwasn 508 4 Camd (6 550
2o odee VIR g b &) wilataslys 5 0l (slo,5i5
Sy alS &,5 ol @ OS2 e 0 adl
VIO OF 5o Jolome (y5unST 8255 Lawgio doasy 5 00 s
el OPee 4 6999 Ol S e 50 Al n S e
20 4z ,0 aS Sl ol 51 S odelcasods ol duslie

Fbe by sleans by Cew ol a5 4 b



YY) - £ aiuo/ V€Y LU/ A0 0,Loand/ Y0 0,98/ (iSR} 9 (5l (S 05w owiigee Clikis

&\

Albrecht, D. (1971). Beliiftungsversuche mit Frei Absturzendem Wasser. GWF Wasser/Abwasser, 112.

Baylar, A. & Bagatur, T. (2000). Aeration performance of weirs. Water Sa, 26(4), 521-526.

Baylar, A., Emiroglu, M. E., & Bagatur, T. (2006). An experimental investigation of aeration performance
in stepped spillways. Water and Environment Journal, 20(1), 35-42.

Bung, D. B., & Schlenkhoff, A. (2010). Self-aerated skimming flow on embankment stepped spillways: the
effect of additional micro-roughness on energy dissipation and oxygen transfer. First IAHR
European Congress. May 3. Heriot-Watt University, School of the Built Environment, Edinburgh.

Chamani, M. R., & Rajaratnam, N. (1999). Characteristics of skimming flow over stepped spillways. Journal
of Hydraulic Engineering, 125(4), 361-368.

Chanson, H., & Toombes, L. (2002). Air—water flows down stepped chutes: turbulence and flow structure
observations. International Journal of Multiphase Flow, 28(11), 1737-1761.

Chao, A. C., Chang, D. S., Smallwood Jr, C., & Galler, W. S. (1987). Effect of Temperature on Oxygen
Transferlaboratory Studies. Journal of Environmental Engineering, 113(5), 1089-1101.

Dhatrak, A. 1., & Tatewar, S. P. (2014). Air entrainment and pressure fields over stepped spillway in
skimming flow regime. Journal of Power and Energy Engineering, 2(4), 53-57.

Esmaeili Varaki, M., Habibpanah, M., Biabani, R., & Navabian, M. (2021). Experimental investigation of
dissolved oxygen efficiency in stepped-labyrinth weirs. In Proceedings of the Institution of Civil
Engineers-Water Management (pp. 1-14). Thomas Telford Ltd.

Esmaeili Varaki, M., Kamakoli, M., Biabani, R., & Navabian, M. (2022). Effect of large scale roughness of
block ramps on dissolved oxygen efficiency in water. Water Practice & Technology, 17(7), 1490-
1504.

Felder, S., & Chanson, H. (2017). Closure to" Simple design criterion for residual energy on embankment
dam stepped spillways' by Stefan Felder and Hubert Chanson. Journal of Hydraulic Engineering,
143(5), 07017002.

Gameson, A. L. H. & et al., (1958). The effect of temperature on aeration at weirs. Water and Water
Engineering, 753(62), 489.

Gonzalez, C. A., & Chanson, H. (2008). Turbulence and cavity recirculation in air-water skimming flows.
Journal of Hydraulic Research, 46(1), 65-72.

Habibpanah, M., Esmaeili Varaki, M., Navabian, M., Behbodi, R., Farzin, M., & Saffari, M. (2020).
Experimental Investigation of Efficiency of Increasing Dissolved Oxygen of Flow in Stepped-
Labyrinth Weirs. Irrigation and Drainage Structures Engineering Research, 21(78), 1-22.

HDR Engineering. (2001). Handbook of public water systems. John Wiley and Sons.

Khatsuria, R. M. (2004). Hydraulics of spillways and energy dissipators. CRC press.

Mansouri, R., Esmaeili Varaki, M., & Navabian, M. (2018). Experimental study of the geometric effect of
trapezoidal labyrinth weirs on increase of the dissolved oxygen. Iranian Journal of Soil and Water
Research, 49(5), 977-990.

Nakasone, H. (1987). Study of aeration at weirs and cascades. Journal of environmental engineering, 113(1),
64-81.

Nina, Y. A., Shi, R., Withrich, D., & Chanson, H. (2022). Aeration performances and air-Water mass
transfer on steep stepped weirs with horizontal and inclined steps. Journal of
Hydrodynamics, 34(5), 904-916.

Popel, H. J. (1972). Aeration and gas transfer. Division of Sanitary Engineering, Delft University of
Technology, pp 61-64.

Subramanya, K. (1986). Flow in Open Channel. Second Edition, Tata McGraw-Hill New Delhi.

Wormleaton, P. R., & Soufiani, E. (1998). Aeration performance of triangular planform labyrinth weirs.
Journal of environmental engineering, 124(8), 709-719.

Wormleaton, P. R.,& Tsang, C. C. (2000). Aeration performance of triangular planform labyrinth weirs.
Journal of environmental engineering, 124(8), 709-719.

Wuthrich, D., & Chanson, H. (2015). Aeration performances of a gabion stepped weir with and without
capping. Environmental Fluid Mechanics, 15, 711-730.

YA



Irrigation and Drainage Structures Engineering Research/Vol.25/No.95/Summer /2024/P: 21 -40

AERI

Original Research

Experimental investigation of performance of stepped-pyramidal weir on
the content of dissolved oxygen in water

A. Ranjbin, M. Esmaeili varaki*, M. Navabian, SH. Niazi

*Corresponding Author: Associate Professor, Dept. of Water Engineering, University of Gilan, Rasht, Iran.
Received: 17 August 2024, Accepted: 29 September 2024

Email: esmaeili.varaki@yahoo.com

https://doi.org/ 10.22092/IDSER.2024.366766.1587

Extended Abstract

Introduction

Water quality changes with the penetration of water from the surface of the earth to the subsurface layers,
which are accompanied by the passage of subsurface of earth crust with different chemical composition. The most
important issues is the increase in the concentration of iron and manganese. Therefore, almost underground water
sources have significant amounts of iron and manganese. At high concentrations, those may cause the growth of
iron and manganese bacteria, increase pathogenic microorganisms, create bitter taste and unpleasant smell in
water, create red and brown spots on appliances and blockage water distribution systems. One of the main steps in
the water purification process is the removal of iron and manganese ions. Among these methods, the use of
oxidation is more widely used due to less operational costs. Use of an aerator is the main part of this method.
Stepped weirs are one of the economical devices for the aeration of water that has acceptable performance. In this
research, application of a pyramid-shaped stepped weir with and without sill on increase the dissolved oxygen
concentration under various flow discharge was investigated experimentally.

Experimental Setup and procedure

Experiments have been carried out on a stepped-pyramidal weir model in the Hydraulic Modeling Laboratory
at of University of Guilan. The physical model of the stepped-pyramid weir is made of PVC panels with a constant
slope of 1:2 and the number of steps is 6, with dimensions of 4 cm high and 8 cm long. The weir was installed on
Iron’s tank with dimensions of 1.5 m length and 1.5 m in width and 1 m height. A centrifugal pump device with
maximum flow rate of 8 I/s was used to provide desired flow discharge. In order to measure the flow rate, an
ultrasonic flow meter was used with an accuracy of +0.01 I/s.
In each geometry of the weir and desired flow rate, first the concentration of dissolved oxygen in the water supply
tank was reduced to 2 mg/l using Na,SOs solution, then variation of dissolved oxygen concentration was measured
by 2 oxygen meters (DO meter) model AL200xi manufactured by Aqualytic company, which was installed on
both sides of the tank, until the dissolved oxygen concentration reached on its initial level.
In this research, totally 30 tests were carried out to consider effect of the stepped-pyramidal weir on increasing the
dissolved oxygen concentration.

Results and discussion

The performance of stepped-pyramidal weirs with different geometries at h/y. equal to 7.4 (flow discharge
of 2 1/s) for the first step indicates that for stepped-pyramidal weir without sill, the falling jet from the steps have
gradually decreased in thickness and it falls discontinuously in steps 5 and 6. By installing the sill at the end of
each step, although turbulence and mixing of air and water occurred by formation of hydraulic jump but due to the
reduction in the thickness of the falling jet, the intensity of mixing is low and, the performance of stepped-
pyramidal weirs with end sill reduced. For the mentioned flow rate, the time to reach DO to from 2 to 7 mg/l for

Y4



Experimental investigation of performance of stepped-pyramidal weir on the content of ...

different stepped-pyramidal weir geometries is 857 seconds on average which injected 2.3 mg.l/s dissolved oxygen
into the water content of recipient tank.
By increasing the flow rate to h/y. equal to 5.6 (flow discharge of 3 I/s) for the first step, the thickness of the falling
jet and corresponding flow velocity increases and the overall performance of the stepped-pyramidal weir to
increasing dissolved oxygen improved. For mentioned flow discharge, the time of increase of DO to reach its
initial level is 735 seconds on average, which dissolved oxygen injected by rate of 2.5 mg.l/s into the water content
of the recipient tank.

by further increase of flow discharge to 6 I/s (h/y; equal to 6) turbulence and mixing of air and water
intensified by formation of hydraulic jump. Also, in the mentioned flow and relative critical depth, more turbulence
was observed at the end of each steps along with the sill or labyrinth sill. The results show that, with the exception
of the SG3 geometry (stepped-pyramidal weir with sill and labyrinth with the space of 4h), the other structures had
similar performance. The results showed that the time duration of DO concentration from 2 to 7 mg/l is 395 seconds
on average, the lowest value of which was related to SG, geometry (stepped-pyramidal weir with sill) which could
inject dissolved oxygen on an average of 2.3 mg.l/s into water content of the recipient tank.
At the maximum h/y. equal to 3.2 (flow rate of 7 1/s) for the first step, the mixing of air bubbles and turbulence of
flow on each step causes the labyrinth sill with small length could better performance due to more separation of
falling jet of over passing. The time duration to reach the DO concentration from 2 to 7 mg/l is 294 seconds on
average. The SGs geometry (stepped-pyramidal weir with labyrinth having internal space of h) had the best
performance. In general, dissolved oxygen is injected into water content of the recipient tank at an average of 2.7
mg.l/s.

Conclusion

The results showed that at the low thickness of overpassing flow with h/y.> 10, simple stepped-pyramidal
weir had better performance than other geometries and could inject 2.9 mg.l/s of dissolved oxygen into the water.
The comparison of the results indicates that as the flow rate increases, due to the increase of turbulence and mixing
of air bubbles into overpassing flow at each step, the performance of the steps with a simple and labyrinth sill
improves, so that their performance to inject dissolved oxygen is from 2 to 3.3 mg.l/s. In general, among the
different geometries of the stepped-pyramidal weir, the SG, geometry had the best performance.

Keywords: Aeration, Dissolved oxygen, Labyrinth sill, Purification, Stepped-pyramidal weir.



