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Numerical and Experimental Study of Wedge Elements Influence on Hydraulic
Parameters and Energy Dissipation over Stepped Spillway in Skimming Flow Regime
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ABSTRACT: A stepped spillway is a hydraulic and cost-effective measure to dissipate the energy of
large water flow over the spillway. Due to some limitations in stepped spillways, this study has intended
a plan to increase and improve the effectiveness of energy depreciation. For this purpose, the effect
of the wedge-shaped elements on the velocity and pressure changes over the steps, water level, and
energy dissipation downstream the stepped spillway are evaluated. In this regard, several forms of wedge
elements are studied with changes in wedge arrangement and the rate of discharge by using a numerical
model of Flow-3D, and the appropriate models from the aspect of the most energy depreciation are
selected and studied in the laboratory. In the laboratory, 25 experiments were performed on 5 physical
models. Numerical and experimental results show that the addition of wedge elements on the stepped
spillway has reduced the velocity and water depth downstream of the spillway to about 80% and 30%,
respectively, and the energy dissipation over the stepped spillway increased by about 2.7 times. Also,
by drawing the distribution profiles of pressure on the edge and the floor of steps, it was observed
that the negative pressure in the horizontal section turned into a positive one. Also, negative pressure
in the vertical section decreased up to 96% and positive pressure increased about 2 times. As well as
increasing the density of the elements, the results that increase the energy dissipation are going to be
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1. INTRODUCTION

The purpose of the design and construction of stepped
spillways is to increase the energy dissipation and reduce the
dimensions of the hydraulic structures downstream. Stepped
spillways, by providing an artificial rough bed, reduce the flow
of kinetic energy and also significantly reduces the evaporation
phenomena by conducting aeration in the flow .Several
researchers such as Chanson [1], Chamani and Rajaratnam
[2], and Kells [3] have analyzed energy dissipation on simple
laboratory models of the stepped spillway (without adding
elements on the steps). Tabbara et al. [4] by applying the finite
element method evaluated flow over the stepped spillway.
Razi et al. [5] studied the effect of slope and number of steps
in numerical and laboratory methods.

One of the factors that cause fundamental changes in
energy dissipation and hydraulic parameters in the stepped
spillway is changes in shape and geometry of the spillway
and steps. This study aims to investigate the effect of adding
elements on the steps on changes in velocity and pressure
on the steps, changes in the water level downstream of the
spillway, and energy dissipation in the skimming flow regime.

*Corresponding author’s email: kroshangar@yahoo.com

2. METHODOLOGY
2.1. Numerical studies

In this study, a finite-volume numerical method (Flow-
3D) was used to investigate the effect of adding wedge-shaped
elements on velocity and pressure changes in the floor and edges
of the steps, the water level at the downstream, and the energy
dissipation on the stepped spillway. The wedge-shaped elements
are shown triangular in plan, in which two shapes of the triangle
with four layers are investigated. The geometry and alignment of
these wedges are shown in Fig.1.

To solve turbulence equations and numerical simulation of
flow pattern in Flow-3D, the K-¢ (RNG) turbulence model has
been used. This model is more accurate than the Two-equation
(K-¢) turbulence model for numerical simulation of the flow
pattern on the stepped spillways, and the completion time of the
simulation (uniformity of flow) in this model takes place sooner.

To validate the numerical model, the measured velocity
values in the laboratory and the velocity in a numerical model
for discharge of 60 liter/s were investigated that the mean
relative error was obtained 8.57%.

2.2. Experimental study
Inthe presentstudy, experiments were done in the hydraulic
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Fig. 1. Geometry and alignment of the wedges in the numerical

study.
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Fig. 3. Energy dissipation for simple stepped spillway and stepped
spillway with wedge elements.

laboratory of Tabriz University, Iran. The experiments were
carried out in a Channel length=10 m, wide= 0.5 m, and
high=0.8 m with a free-flow system. A laboratory model of
a simple stepped spillway had 50 cm wide, 60 cm height, and
which has 6 steps (w = h = 10 cm), four different layout modes
of wedge elements were tested. The discharge range was 10 to
60 lit/s.

3. RESULTS AND DISCUSSION
3.1. Numerical studies

This study aims to investigate the effect of adding wedges
elements on the steps on the velocity and pressure variations
in the floor and vertical wall of the step, changes in the water
level downstream of the spillway, and energy dissipation.
Fig. 2 shows the results of the secondary water depth
versus unit flow rate for simple stepped spillway (SSS) and
stepped spillway with wedge elements (SSW) with different
geometries and layouts. According to this figure, it is seen that
the stepped spillway with wedge element types 1 and 2 has a
lower secondary depth than a simple stepped spillway. So that
the wedge element (3-1), (1-1), (4-1), and (2-1) reduced 30%,
21%, 14%, and 13% of the secondary depths relative to the
simple stepped spillway, respectively.

Fig. 3 shows the energy dissipation values for SSS and
SSW of types 1 and 2. It is observed that in SSW of type 1 and
2, energy is more lost than SSS. So according to the numerical
results, it is deduced that SSW type 1 has the least amount of
secondary depth and therefore the highest amount of energy
dissipation compared to SSS and SSW type 2.

Fig. 4 shows the distribution profile of the flow velocity
in the vertical wall (x = 0) for a flow rate of 60 lit/s. In the
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Fig. 2. Secondary water depth versus unit flow rate in the simple
stepped spillway and stepped spillway with wedge elements.
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Fig. 4. Vertical profile of the flow velocity distribution in the
vertical wall at x = 0 (Z is the distance from the floor of the step
and h is the height of the step.
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Fig. 5. Vertical profile of the Pressure distribution in the vertical
wall at x = 0 (Z is the distance from the floor of the step and h is
the height of the step).

step wall, from the step stub (x = 0) to a height of 1 which is
equivalent to the edge of the step, the surface is solid and the
flow in the horizontal direction is not motion, so the velocity
value is zero. After passing through the edge of the step a
little bit from the wall, the velocity distribution increases, so
that it reaches its maximum value at 0.3 from the free surface
flow. Therefore velocity for the layouts 3-1, 1-1, 4-1 and 2-1
reduced (80% -72%), (61% -55%), (47-44%) and (23% -15%),
respectively.

Fig. 5 shows the pressure variations in the vertical section
of the step. By adding wedge elements type 1 with wedgel-1,
wedgel-2, wedgel-3 and wedgel-4 layout, the negative pressure
in the vertical wall was decreased about 72%, 56%, 96%, and
59%, respectively, and also positive pressure at the edge of the
step increased 93%, 34%, 200%, and 37%, respectively.



K. Roushangar and S. Akhgar , Amirkabir J. Civil Eng., 53(1) (2021) 41-44, DOI: 10.22060/ceej.2018.14587.5689

e Common -S S

w——p o = wedge 1-2

= =) = = wedge 1-4
e Wedge 1-1

Persure [Kpa]

- =@ =« wedge 1-3

Fig. 6. Horizontal profile of the pressure distribution in the floor
of the step (X distance from the step corner and L step length).
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Fig. 8. Changes of the energy dissipation for simple stepped
spillway and stepped spillway with wedge elements of type 1.

Fig. 6 shows the pressure changes in the floor of the step.
The maximum pressure value for SSS and SSW 4-1 and 2-1 in
0.7 and for 1-1 and 3-1 at 0.8 in the floor of step occurs, and
the minimum value in x /1 = 0.2 occurs.

3.2. Experimental studies

Fig. 7 shows the secondary water depth versus unit flow
rate for SSS and SSW of type 1. The error percentage of the
secondary depth of flow in the numerical and experimental
models is very small so that for SSS is 4/6%, and SSW with
layout, 1-1,1-2 1-3,and 1-4 is 3.28%, 3.02%, 3.29%, and 3.41%,
respectively, which it indicates a good fit between numerical
and laboratory data.

Fig. 8 shows energy dissipation changes for SSS and SSW
type 1. According to this figure, energy dissipation for SSW
has increased compared to SSS. The energy dissipation for
wedge 1-1, 1-2, 1-3, and 1-4 compared to SSS is increased 2.4,
1.24,2.7, and 1.62 times, respectively.

4. CONCLUSIONS

This study aims to investigate the effect of adding wedge
elements on the stepped spillway on changes in velocity and
pressure on the floor and edge of the steps, changes in the
surface water level downstream of the spillway, and energy
dissipation. Numerical studies of these models showed that
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Fig. 7. Numerical and laboratory secondary water depth of
a simple stepped spillway and stepped spillway with a wedge
element type 1.

SSW of type 1 with 4 different layouts had the least secondary
depth and therefore they have the most energy dissipation
compared to SSS and SSW type 2. Also, for the more density
of the wedge elements, the better results are obtained. In
fact, by reducing the distance between the elements, energy
dissipation increases and the secondary depth decreases too.
So that wedge elements in SSW with wedgel-3, wedgel-1,
wedgel-4 and wedgel-2 layers reduced 30%, 21%, 14% and
13% secondary depths, respectively, and also (80% % 72),
(61% -55%), (47-44%) and (23% -15%) reduced the velocity
in the vertical wall of the step . As well as adding wedge-type
1 with the above-mentioned layouts, the amount of negative
pressure in the vertical wall was decreased 96%, 72% 59%,
and 56%, respectively, and the positive pressure at the edge of
the step for the same arrangement was increased 200%, 93 %,
37%, and 34%, respectively.

The value of energy dissipation for SSW has increased
compared to SSS so that wedge 1-1, wedge 1-2, wedge 1-3,
and wedge 1-4 increased 2.4 times, 1.24 times, 2.7 times, and
1.62 times, respectively.
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Fig. 3. Comparison of turbulence models in Flow-3D
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Fig. 4. Distribution of Velocity on the Steps 4, 5 and 6
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Fig. 7. Secondary water depth versus unit flow rate in simple stepped spillway and stepped spillway with wedge elements
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Table 3. secondary depth reduction for stepped spillway with wedge elements of type 1 and 2
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Fig. 8. Energy dissipation for simple stepped spillway and stepped spillway with wedge elements

Slpdnne (5 i 55 Jlade ool S 5)5m 4 Sl ¥ g )
Vsl S5 51 Jols soue mls 4 a9 b cpl plo ccwl ool
Mz b)) ool G 5 a5 09d (o0 Ll ¥ Jgaz 5 A
Slake s yides a1 g el Gas lade (p ieS Glylo (ylodus

Voo SBL oy g el S 5 a0 ad (6551 S

s INE XYY Y jals el s g4 (V-Y) 5 (V-F) (0-))
ol 00 0ol S 5y e Ay S 1936 Bos 1Y
Sy 5 ook G 5y e sl 6350 Sl polie A S
Ao oo slid 1) Y gVl slesS slagledl b ool e SISL
o sl 0s5 lapladl Lol o SUU 5, ;0 45 098 oo ala>de

1)



Yool VAD axdn VY- JL.J A D)LM OY 0y9d ;).:..5).:.9] U‘)A'c L;»A...Q(c Ai).uu

YB=103

YB=04

Step £

wedge 1-1

Step 4 __| "::‘

wadgs 1-2

H— Step 4

4+ 104
+ B
o o
+ o
5 +
v

wedge

/ e Step 4

wedee 1-4

S 2w 69 )LES 9 &as o (o 12 S0 D A S5
Fig. 9. Plans position to check of the velocity and pressure on stepped spillway

197 g h=10cm) aly gl )l 5l eolanl b 3B o lgso o Lid 4
(L=10cm) al; Jsb 3l oolazl b aly @aS jo jlad a5 ,o a8l
Ll 00 e -

s s (ylino

xX=0) @36 o)lg2s ;5 Qlyr copm @iy Jdon 102 JSo
b S ey 5 ool SISk 52 sln 4l yo 2 P 20 6l
A.L: o)\}:.o 5 el 00 ROURE I RV s! o; QLQJ‘ )l Oled )LP
Al o sl aly 4 Joleo o575 elas )| b x=0) aly 5 5
Slade aoel yo el ailad oS > 88 e o olye g 00
w oz 5l Saslalold jo aly ad 51 35 51 ey a0 yho Co
Ny Sy g8 Jedon hel 5 pameie 035 4 bz 99)5 b
O yion a0 by ST a5l IY o aS g ek catils il
sy (o0 D9 lade

IS Gl cee s Jeden 10 b 10b S
) oolw ‘SsLiL Py A o LS“’; LgL:aQLo.” s QLQJ.#?
Sopein by Gt Kot 1alS byloges cpl jo sl ous
L) IR ua?h.wo 6LQUISA u;“).t UL’)} S uﬂmlf )‘..\M o
30 ()5 0925 055 4T JlSe g 0,10 929 095 45 JSG) Y USS

4y

Sl 1Y 00elB Uyl 055 slalall a5 el T 51 Sl gl .o
Y 0aeli b gl osS slaplall 4 s 65 @l JUS 2 ye
&l osS Glodl sl a5 conl ol yuizren s JU oy ol
4 o3l yo 4y @y y3 0)ls (i @S 5 Sl lesez N oS
4l Gos lade wil yeS glosS slaplall [ (5 135 alold
VO ol calple cwl i 6550 SMeial e 5 yieS
O-Y) 5 O-F) (V-1 0-F) sm ) o sl 05 slagyledl 51T
w3ie sl Jue plpie g 8 (o0 @l e Gl i S @

255 (oo 418 allas 350 St Lojl

LR Lgl.h JM g0 Sy g )L&é,\,\,f
Sy @3B o)lpd (59, p JLAS g Sy Dl e cal 5o
or 290 ) o slesS Glagledl boolyen SIS s 4l
g ol &S g, Jlid g Ly OlsS gy gl el a8 )5 1S
ouds a8 3 i o S 90 CAeSy by Al o W5 oylg0
B 0g5 a5 (S g0l 392y 095 45 p)lex 4l (55 (S e
S8 50 p ke a9, JLad 5 S (o e cenl 38 518

S LSL“’ d\)f ($990E )97 (oD L] Jl.ilf o)|%o )\ alold



Yoo B5AD docio VFe v Jlo o) oyl DY )93 epusS prol )y (wrdite &y

= «@== = Y/B=0.2 wedge 1-4

e Y/B=0.4 wedge 1-4

e Y /B=0.2 wedge 1-3

= a)fes o Y/B=0.4 wedge 1-3

= «Q= = Y/B=0.5 wedgel-1

Z/h

=@ Y/B=0.3 wedgel-1

ey Y/B=0.5 wedgel-2

= efp= = Y/B=0.3 wedgel-2

e Y /B=0.3 Common-SS

X Y/B=0.5 Common-SS

emmm@us Y /B=0.2 Common-SS

el Y/B=0.4 Common-SS V [m/s]
(a)
doe 1-1 = «Q= = Y/B=0.5 wedgel-1 i Y/B=0.2 wedge 1-3
wedge 1- Q== Y/B=0.3 wedgel-1 wedge 1-3

= aX e o Y/B=0.4 wedge 1-3
e Y/B=(0.2 Common-SS
el Y/B=0.4 Common-SS

e Y /B=0.3 Common-SS
X Y/B=0.5 Common-SS

Z/h

0 1 2 3 4

Vimil v [is))
(b) (c)
ey Y/B=0.5 dgel-2 - b o _ )
wedge 1-2 wedge wedge 1-4 9= = Y/B=0.2 wedge 1-4

= e = Y/B=0.3 wedgel-2
e Y/B=0.3 Common-SS
Y/B=0.5 Common-SS

e Y/B=0.4 wedge 1-4
emmmgums Y/B=(0.2 Common-SS
el Y /B=0.4 Common-SS

(=]
—_

V [d/s] 3 4

(d) (e)

(aly gyl h g aly S 51 alold Z) 0=X coxdgo 55 o5l o)lg2 )3 by a8 pow @398 8 Judg N+ JSC2
Fig. 10. Vertical profile of the flow velocity distribution in the vertical wall at x = 0 (Z is the distance from the floor of the
step and h is the height of the step)
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Table 4. Rate of Velocity reduction for stepped spillway with selected wedge elements of type 1
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Fig. 11. Contour lines of the static pressure (Pa) for simple stepped spillway with the discharge of 60 liter/ s
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Fig. 12. Vertical profile of the Pressure distribution in the vertical wall at x = 0 (Z is the distance from the floor of the step
and h is the height of the step)
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Table 5. Positive pressure increase and negative pressure reduction for stepped spillway with selected wedge elements of type 1
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Fig. 13. Horizontal profile of the pressure distribution in the floor of the step (X distance from the step corner and L step
length)
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Fig. 14. Numerical and laboratory secondary water depth of a simple stepped spillway and stepped spillway with a wedge
element type 1
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Fig. 15. Changes of the energy dissipation for simple stepped spillway and stepped spillway with wedge elements of type 1
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