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ABSTRACT: One ofthe most prominent features of the stepped spillway performance is the considerable
loss of energy during it compared with other types of spillway. Considering this feature, obtaining a more
detailed view on the energy dissipation parameter and, finally, increasing its amount has been the focus

pitched steps (steps with hole) on the velocity and pressure variations, water height at downstream and

energy dissipation has been investigated. As well as the appropriate model of the most energy dissipation
in the laboratory was developed and studied. Numerical and experimental results show that pitched steps
reduces the velocity to about (82-69%) and reduces the water height at the downstream by up to 33%,
and the energy dissipation is increased to about 4 times. According to the pressure distribution profiles
at the vertical edge of the step, it was observed that the amount of negative pressure in the vertical wall
decreased by about 82%, and the positive pressure was approximately increased by 3 and 4 times. The
negative pressure on the floor of the steps is turned into positive and the positive pressure near the edge
is increased due to the presence of the hole. Also, the results showed that the error rate of the studied
parameters in the numerical and experimental models was very low and acceptable, indicating a good fit
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1. INTRODUCTION

It is very important to dissipate the flow of energy from
the spillway to prevent damage to the downstream. One of
the best ways to dissipate energy is to use stepped spillways,
which, with proper dissipation of flow, reduces the dimensions
of the basin at downstream of stepped spillway.

Horner [1] was one of the first to start scientific research
on stepped spillways. Christodoulou[2] concluded a series
of experiments on stepped spillway physical models with
a ratio of y_/ h=0.7 (step height to step length), he found
that the factors affecting the energy dissipation are y_/ h
and the number of steps N, where y_is the critical depth
and h is the height of the steps. Torabi et.al [3] investigated
the performance of these spillways with roughness on steps
of stepped spillway. The results showed that by increasing
the roughness on the steps, energy increases by 20-15%.
Roushangar et al. [4] investigated energy dissipation over
stepped spillway by applying of intelligent methods and
evolutionary algorithms and provided relationships for each
of the nappe and skimming flow using laboratory data. Parsaie
and et al. [5], respectively, studied the flow pattern over the
Kamal Saleh dam and the cavitation on the Balarode spillway
using a Flow-3D numerical model. The results show that the
RNG k-¢ turbulence model has a high ability in modeling
the flow pattern and cavitation. Roushangar et al. [6], using
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data driven methods, examined the discharge coefficient of a
stepped spillway for nappe and skimming flow and provided
a relationship with the GEP method.

In this study , in order to increase and improve the
efficiency of energy dissipation, the holes with different
shapes and layers on stepped spillway steps created and effect
of them on the changes in velocity and pressure, water level
and energy dissipation has been investigated by The Flow-
3D. Also, the appropriate model in terms of the most energy
dissipation has been designed and studied in the laboratory.

2. METHODOLOGY
1.2 Numerical studies

In this study, a finite-volume numerical method (Flow-3D)
was used to investigate the effect of creating hole 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. For this purpose, four shapes of the hole
with two 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.
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Fig. 1. Geometry and alignment of the holes on the stepped
spillway in the numerical study
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Fig. 2. Secondary water depth versus unit flow rate in Standard
stepped spillway and stepped spillway with holed steps in CFD
study

In order 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 is obtained 8.57%.

2.2. Experimental study

In present study, experiments were done in the hydraulic
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 = 10cm). The discharge range was
10 to 60 lit/s.

3. RESULTS AND DISCUSSION
1.3. Numerical studies

The aim of this study is investigation the effect of creating
hole on the steps on the velocity and pressure variations in
the floor and vertical wall of the step, changes in the water
level at downstream of the spillway and energy dissipation.
Fig. 2 shows the results of the secondary water depth versus
unit flow rate for standard stepped spillway (SSS) and stepped
spillway with holes (SSH) with different geometries and
layouts. According to this Fig., it is seen that the stepped
spillway with hole types 1 and 2 has a lower secondary depth
than a standard stepped spillway. So that (hole 1-1) and
(hole 2-1) reduced 29.6% and 33.1% of the secondary depths
relative to the standard stepped spillway respectively. One of
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Fig. 3. Energy dissipation for standard stepped spillway and all
holed stepped spillway in CFD study
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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)

the reasons for the superiority of the two models is the volume
of holes in the corresponding models. So that the percentage
of hole volume (hole 2-1) and (hole 1-1) models are 14% and
8% respectively.

Fig. 3 shows the energy dissipation values for SSS and SSH
of type 1 to 4. It is observed that in SSH of type 1 and 2, energy
is more lost than SSS. So according to the numerical results, it
is deduced that the that (hole 1-1) and (hole 2-1) have the least
amount of secondary depth (3.3 and 4.1 times respectively)
and therefore the highest amount of energy dissipation.

Fig. 4 shows the distribution profile of the flow velocity in
the vertical wall for a flow rate of 60 lit/s. In this Fig., the intent
of ‘exit’ is defined as the place where the hole is and ‘i’ is from
the inside of the hole. In SSS, from the step stub 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 to its maximum value at 0.3 from
the free surface flow. In SSH, from the step stub to a height
of 0.5 and 0.8 which is equivalent to the edge of the hole, 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 hole a little bit from the wall, the velocity
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Fig. 5. Vertical profile of the Pressure distribution in the vertical
wall at x = 0 in the in CFD study
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Fig. 7. the selected models of holed stepped spillway in the
experimental study
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Fig. 8. Numerical and laboratory secondary water depth of a
standard stepped spillway and selected holed stepped spillway

75

— <@ — EX-SSS
eooolleeee EX-hole2-1
= e == EX-hole I-1
——@—— CFD-S-S:8
= CFD-holc 2-1
= & == CFD-hole I-1

60

45

uint Energy Dissipassion (%)

. -

0.04 0.06 0.08 0.1 0.12 0.14

Unit Flow rate [m”3/s.m]

Fig.9. Changes of the energy dissipation for standard stepped
spillway and selected holed stepped spillway

distribution increases, so that it reaches to its maximum value
at 0.2 from the free surface hole. With the entrance of the
flow into the main stream flow, the distribution velocity has
a decreasing trend, so that it reaches the lowest value in 0.2 of
the free flow. With regard to Fig. 8, it is seen that the velocity
reduction for all models is 25% to 82%, that holes 1-1 and 1
hole 2-1, lead to the highest drop in velocity (82 % - 77%) and
(75% -69%)respectively.

Fig. 5 shows the pressure variations in the vertical section
of the step. By creating holes on the steps in hole 1-1 and hole
2-1 the negative pressure in the vertical wall was decreased
about 70% and 82% respectively, and also positive pressure at
the edge of the step increased 2 to 3 times where there is hole
and increased 3 to 4 times in the hole.

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

2.3. Experimental studies

Fig. 7 shows the two selected models of holel-1 and
hole2-1 from the pitched stepped spillway that has the best
numerical results. Fig. 8 shows the secondary water depth
versus unit flow rate for SSS and SSH. The error percentage of
the secondary depth of flow in the numerical and experimental
models is very small, which it indicates a good fit between
numerical and laboratory data.

Fig. 9 shows energy dissipation changes for SSS and
SSH. According to this Fig., energy dissipation for SSH has
increased compared to SSS. The energy dissipation for holel-
1 and hole2-1 compared to SSS is increased 3.2 and 4 times
respectively.

4. CONCLUSIONS

The aim of this study is to investigate the effect of creating
hole on the stepped spillway steps on changes in velocity and
pressure on the floor and edge of the steps, changes in the
surface water level at downstream of spillway and energy
dissipation. Numerical studies of these models showed that
SSH had the least secondary depth and therefore they have
the most energy dissipation compared SSS. Also, for the more
density of the holes, the better results are obtained. In fact, by
reducing the distance between the holes, energy dissipation
increases and the secondary depth decreases too. So that
holel-1 and hole2-1 reduced 29.6% and 33.1% secondary
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depths, respectively, and also (69%- % 75) and (77% -82%)
reduced the velocity in the vertical wall of the step. As well
as selected models with the above-mentioned, the amount
of negative pressure in the vertical wall was decreased 70%
and 80% respectively, and the positive pressure at the edge of
the step for the same models was increased 2 to 4 times. The
value of energy dissipation for SSH has increased compared
to SSS so that holel-1 and hole2-1 increased 3.3 and 4.1 times
respectively. The percentage of holes volume in these spillways
is 14.5% and 8% respectively. This is while the percentage of
holes volume for other types and with arranges on all steps is
up to 6.5%.
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Table 3: secondary depth reduction for all holed stepped spillway in CFD study
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Table 4: Rate of Velocity reduction for stepped spiilway with selected wedge elements of type 1
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Fig. 9. Contour lines of the static pressure (Pa) for standard stepped spillway and holed stepped spillway in CFD study with
the discharge of 60 liter/ s
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Fig. 10. Vertical profile of the Pressure distribution in the vertical wall at x = 0 in the in CFD study
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Table 5: Positive pressure increase and negative pressure reduction for selected holed stepped spillway in the CFD study

Slogs Hledl b Sy 395y S o Jxo hole 1-1 hole 2-1
10 Cude Jlid oljdlexit lpz/h=1 Voo YYA
(1),Lad ol s i ,lad alsz/h=0.5 ' AY
20 0yh B cuie jlad uliél z/h=1 Y. YAO

ok 5iSTam 4y aly ad 5o 5 ol o il e 5 G2 LES ojae ad a5 2/h=0.5 gl b aly @S 5 dN) ojhs Sl 4o

Sy e Lid (b m Gas b ol o 5l e g 00uw; 395 Il 0,0 ad 51 ol las b g jao ply 038 o)lg0 jo jlad el

yeof



VeOA B Y FY domio AYAA Lo o 0)los @Y 093 €308 ol 3lpas (ki 4y

CFD

e S-S-Spillway

+++«@--- hole 3-2

Persure [Kpa]

et = hole 2-2

== hole 3-1

@ hole 4-1
hole 1-1

Ay

e 0l 2-1

e efe= = hole 1-2

0.4 0.6

T ! = %= =hole4-2
0.8 1 1.2

X/L

(ay Job L g aly g5 51 abold X) (goue aslllan o aly a5 55 )Lid @598 (G881 Judg 1) S
Fig. 11: Horizontal profile of the pressure distribution in the floor of the step (X distance from the step corner and L step
(length

s ¥ L, 5 ¥ i 4 1- hole2 41- holel 41, (in) o,a>
4 0.7 MPajl o1 jlais 1-holel ol Jlis jolay) adl il
ol dggiin GgrmlinglS £93g s ualS g cite Lad alS
S e b B LA Sl 4 bgpe VY S

4...>l) ) &:JsLO.».A QLAJ.»? 99 lJ )L)o)b Yo o9 \))‘JJL».MJ‘
il o 4l o 2 P oo b (CH9S) olyr amblaswy
odbgg rh adgl jlade Sy 5l SISy slaj s e sl s slalages
Sade Co imlas e @l ad @ ol Ko L9 00,5 oy
Py Slp o Jlad ke a8 (oo g (Jg5 <l o)l jLad
S 0yi slan ;e slp g ab &S Jsb IV e o laitial SIS
Jlade g amd oo 7, ab S Jgb +/A 4o 1-hole2 4 1-holel
Jlad Al ad (gq, 0,8 ol b asdl o sl X/1=0.2 0 asS
€89 s a5 ead haud Cude Jlid 4 Al @S S0y 0 A
s & el 4 (o5 55 Aty L8 503, 0 3|, ommlinslS
Lid alS 5 aneS [lid il canl 4zl inl5hl o i> S92
31 Gt 0,00 0929 baly den (g5, Olyax a5 ol Joe jo Al
bal 59, Oleayo St ©)gony Ol a5 col g bl sla o

9, Wil 6558 5 Slha ity oS15 b gdlyyo ol azd 518

S5 aly)s wedioe yao ply by ol w0 5 Azl als
el el 3 55,5 Joo SorsS ol b aly o e 50
el 0als HLid (iol8l Coge g 5 lid ralS
ad o jlas Olpss 4 bgw (V)€ 9 (Vo) b slaloges
S8 Gy 9 5l0 0yi> (S ) Jae Cn e ln b @B
Sly B oylge jo jLad aloged pl @ azgi bl o) laslisl
Iy e Hlade pyiin 2/h=0.83 5 o lubin] SBL 5, e
Gl e cike i ke 4l ad 4 0yi> alogl b a5 el o
z]) s ad 4 by oy b o laibind G 55 j0 b (e
ol cadte lid Al ad 0 0 a> oloul b g oot cue JLis (h=1
g4k B o)lp yo e jLad falS (i b (o0 Sl 4l
J9az 5o s oyam G oy slm aly ad o Cuse jLa8 158
Sloul b aS 04 oo alaxMe Jgo () a4y azgi b .ol 00 03,51 O
1-holel i loaly don (55, plodez b 53 5 S g5 gloe o
Ol 4 i & aly @SB ojlgo o it jlad e 1-hole2
5| ol aie 1-holel (gl o o) asily als ZAY o 7V
ad o Cude Hlad el (Sl 00w -1.05 MPa 4, -3.5 MPa
Ly 5 ¥ oy 4 €Xit e 4o 1- hole2 41- holel ¢l aly
0.7 o1 Jlaie 1-holel ¢l Jlo jgha) al jiolsdl ol ¥
B o e Jlad pimen .l (0w, 1.4 MPa 4, MPa

yeog



YeOA L Y- FY asio VYRR Jlo A o)loud @Y 093 S el lpos swite 4 pis

hole 1-1

hole 2-1

Aol anlne g by (SIS (530 31 ko gl Jore 1Y JS
Fig.12. the selected models of holed stepped spillway in the experimental study
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Fig.13. Numerical and laboratory secondary water depth of a standard stepped spillway and selected holed stepped spillway
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