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ABSTRACT

Stepped spillways are specialized hydraulic structures crafted to optimize the
effective dissipation of hydraulic energy along stepped chutes. The central
objective is to scrutinize and improve the mitigation of flow separation occurring
from the ogee crest to the stepped chute, focusing on various profiles within the
critical zone (CZ) to understand its flow behavior. The study evaluates the
impact of CZ profile alterations on velocity distribution, revealing a reduction in
velocity ranging from 10% to 18% for nappe flow and 7% to 15% for skimming
flow, with a dissipation rate 5% higher than other tested profiles in the CZ. By
combining physical experiments and numerical simulations, the research aims to
understand the complex dynamics of CZ flow. A comparative analysis is
conducted, comparing turbulence models (specifically RNG) against
experimental data for velocity and dissipation rate, considering different
numbers of steps (N=16, 22, 56, 60). Moreover, the research seeks to unravel the
effects of introducing additional steps within the CZ on crucial hydraulic
parameters. The results indicate a significant improvement in flow patterns,
velocity fields, and energy dissipation for the modified profile, highlighting the
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practical applicability of the proposed approaches in effectively sizing the CZ.

1 INTRODUCTION

Spillways constitute crucial and substantial elements
within the flood evacuation systems of dams,
representing a significant investment. The effective
functioning of a spillway hinges on the optimal design of
all its components.

The stepped spillway assumes a pivotal function in
flood control, notably for recently constructed dams
using Roller-Compacted Concrete (RCC). Integral to the
hydraulic system of the dam, this spillway adeptly
oversees and modulates water flow during heightened
discharge periods. Its structured design enables
controlled energy dissipation, effectively reducing
erosion risks and enhancing flood control measures.

Stepped spillways with solid steps are hydraulic
structures that allow high rate of dissipation in
comparison with the smooth ones.

Recently, a study by (Daneshfaraz et al., 2024a) was
undertaken to investigate the effects of rough steps on

stepped spillways in relation to energy dissipation and
hydraulic jumps. The findings revealed that rough steps
outperform smooth steps in terms of energy dissipation,
particularly for the nappe flow regime.

In general, stepped spillways are composed of three
main parts: the ogee crest, the stepped chute with height
h and length | and the stilling basin that dissipate the
residual energy in the bottom of the stepped chute
(Rajaratnam, 1990; Chanson, 2001; Boes & Hager,
2003a; AlTalib et al., 2019; Hager et al., 2020).

On the other hand, stepped Gabion steps on stepped
spillways represent a potentially viable alternative to
solid impermeable steps, offering economic advantages,
ease of implementation, and stability through the
reduction of water pressure, leading to effective energy
dissipation. Daneshfaraz et al. (2024b) conducted a study
to investigate hydraulic jumps and the rate of energy
dissipation downstream of gabion stepped spillways
under various flow regimes.

The flow behavior of stepped spillways differs
significantly from classic smooth spillways by:
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NOMENCLATURE
A critical depth Ve fractional volume
f, friction factor Roe turbulent diffusion
Dy hydraulic diameter Reor mass source term
h, clear water depth of flow with referenceto  f viscous acceleration
the pseudo-bottom
K, =hcos(d) step roughness b flow losses
h,. water level at the uniform conditions of the P transport equation for turbulent kinetic
’ flow energy
C discharge coefficient G, buoyancy production
L length of the weir Diff, diffusion term
H head discharge above the weir H-k—&  head discharge derived usingk —¢&
H-RNGk—¢  head discharge derived using RNG k — & H-Emp head discharge derived using empirical
calculations
H-Exp head discharge measured using X energy dissipation
experimental data
Y1i.V2 conjugate depths F Froude number
hy, clear water depth H, o residual energy
K, kinetic energy Hopax maximum head discharge
& dissipation rate Ve fractional volume
q unit flowrate Q volumetric flowrate

Nappe flow involves hydraulic jumps forming at
each step, increasing energy dissipation. Transition flow
is marked by pressure fluctuations and instability, and is
generally not suitable for sizing the structure. Skimming
flow has high velocity and creates a pseudo layer parallel
to the slope of the stepped chute. For small water
discharges, there may be spraying on horizontal steps,
potentially causing damage to the entire structure.

The designers of these hydraulic structures try to
deal with the problem of joint between the two regions
by using several methods. Their aim is that the water
surface of the flow stay attached to the surface in the
transition zone and not causes any damage in this
sensitive part of the dam.

An insertion of steps right after the tangential point
T is unsuitable, so the idea is to add steps on the ogee
crest before the tangential point, in order to avoid the
problem of the creation of the thin film on the first
horizontal step. This solution creates a spray zone for
small discharges. Therefore, to counter the intensification
of this zone downstream the tangential point a weir
profile is proposed by CEDEX laboratory. The design
head H is used for the conception of this transition zone
(see Fig. 1).

Despite  this design  concept, experimental
observations reveal that the issue of the spray zone
persists. However, it is noteworthy that this concern
arises not at the initial stages of the transition but
specifically between the stepped weir and the stepped
chute. To tackle these issues, this paper proposes to add
more small steps to the initial profile developed by
CEDEX (Mateos lguacel & Elviro Garcia, 1995)

This study introduces a novel approach by extending
the length of tangential point T, which effectively
stabilizes the flow and prevents the formation of a new
spray zone. This design of the crest ensures favorable

Initial tangential point
T ofthe CEDEX
profile

Modified
tangential
peintT”

I: length

11z height

Fig. 1 Proposed profile in the transition zone

conditions, even under high flow discharges, and
optimizes energy dissipation by ensuring continuous flow
attachment with the steps, thereby mitigating the risk of
cavitation and erosion and scouring as mentioned by
(Ghaderi et al., 2020) downstream of the spillway.

The efficiency of the proposed profile was proved
using both physical and numerical solutions.

Several studies have pursued similar objectives.
Daneshfaraz et al. (2014) conducted a numerical study of
the flow over stepped and ogee spillways using the finite
element method. They compared two discretization
methods in the numerical results and then compared
these results with experimental data, finding a significant
agreement between the two approaches.

Numerous researchers (Dalili Khanghah &
Kavianpour, 2020) have examined the dissipation rate of
stepped spillways, with recent focus on investigating the
critical zone (CZ2).
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Notably, explored the influence of altering the shape
of CEDEX on water surface behavior and flow patterns.
Consequently, this paper aims to investigate the effects
of modifying the CZ form on hydraulic parameters,
including velocity field and dissipation rate. Employing a
comprehensive approach, we employ experimental,
numerical, and empirical.

2 MATERIALS AND METHODS

2.1 Modified Profile in the Transition Zone

To solve the problem of broad effect in the transition
zone we have modified the CEDEX profile, by adding 6

to 9 new steps with the length of g‘ax (Hmax is the head

discharge above the weir) starting from the initial
tangential point T to the modified tangential point T’.

The Fig. 1 gives the hydraulic parameters of the
modified profile.

Our objective is to introduce additional smaller steps
to the water surface to reduce the impact of the spray
zone, which has the potential to inflict actual harm to
dam structures and create negative pressure. Following
the T’ tangency point, we have connected a fixed stepped
chute with a designed height (h) and length (1).

2.2 Dissipation Rate

To estimate the energy dissipation we will use the
empirical formula from (Boes & Hager, 2003a, b) ???
from several tests in the physical models:

The energy dissipation is the ratio between the

maximal energy head above the ogee crest H,,, and the
residual energy H

Energy dissipation can be obtained using the Eq.1:

7= Hmax _Hres (1)

H

max

H. . isequalto H__ +1.5Y, and the critical depth is

dam

estimated by Eq. 2:

_ @y
Yo =( g ) @)
The Equation 3 gives the residual head H, above
the pseudo bottom:
o 3)

H.=z+h, cos(6’)+1.12

w

Under conditions of uniform flow, (Takahashi et al.,
2001) formulated an empirical formula for the energy
loss at the toe of the stepped spillway with skimming
flow regime given by the Eq. (4) (Takahashi et al., 2001;
Ohtsu et al., 2004).

This formula remains applicable irrespective of the
uniformity of the flow:

24.
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We can determine the ratio of —=using the Eq.
(5):(Boes & Hager, 2003b, 2003c)
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For less — superior the 15 to 20, the normalized

c

residual head is given by the Eq. (6):
H F

res
H
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(6)

Flosc +F
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The value of parameter F can be computed using the
provided in the Eq. (7):

L2

( 2 85|n(¢9)

)3 s(0) + )3 ()

(9)
2.3 Experimental Configurations

The investigation in this study is conducted through
experimentation using a three-dimensional physical
model to explore the effects of 3D conditions and gain
comprehensive insights into flow behavior as shown in
the Fig. 2. (Chanson & Gonzalez, 2005; Boes, 2020)

The experimental setup comprises the following
components:

e The upstream section is a rectangular basin measuring

(5m *7m).

The downstream section, also a rectangular basin, is
designed to investigate scour-related issues; however,
this aspect is beyond the scope of the current article.

In the downstream section, a control gate is
implemented to regulate the water level within the
control section. This water level holds significant
importance in capturing the hydraulic jump within the
stilling basin.

The instrumentation employed in this study
encompasses a Rolling point instrument characterized by
high accuracy, with a sensitivity of £0.001 m, utilized for
measuring flow height above the weir. Additionally, a
Magnetic flow meter with a sensitivity of +0.001\% is
employed to measure the flow rate.

Furthermore, a Pitot tube is utilized for velocity
measurement, offering a sensitivity of +0.02\% m/s.
These precision instruments collectively contribute to
accurate and reliable data collection for the assessment of
hydraulic parameters in the experimental setup.
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Fig. 2 Physical model

Table 1 Summary of tested cases

Hdam h(m) I(m) N o](ID)]
1.44 0.06 0.048 56-60 10-83
0.5 0.02 0.03 16-22
The Table 1 presents the properties and

characteristics of the examined cases in the physical
model.

Different flow discharges were tested (Q=10-83 I/s)
ranging from (nappe flow to skimming flow). Samples of
the laboratory data will be given in comparison with the
numerical approaches for each part of the present
research.

In order to investigate the flow patterns, a model was
built as shown in the Fig. 2. This model facilitates the
visualization of flow behavior for three profiles tested in
the CZ: the initial design without transitional steps, the
CEDEX nprofile, and a modified profile. In the first
option, the crest profile was joined to the stepped chute
without having any transitional steps. Problems were
observed in terms of the behavior of the jet after hitting
the first horizontal step, same outcomes were established
by (Dalili Khanghah & Kavianpour, 2020).

In the second test, we clearly observe for small
discharges in the physical model the same problem but
this time after some steps.

Finally, for the modified profile we have chosen to
increase the length of the tangential point in order to
moderate this spray zone and to prevent damage namely
cavitation (Regan et al., 1979; Quintela, 1980; Khatsuria,
2004; Baylar et al., 2006)that can be caused by the
impingements of the jet.

2.4 Numerical Solution and Flow Simulation

Computational fluid dynamics (CFD) is an approach
used to simulate fluid flow processes. It involves
discretizing the well-known Navier-Stokes equations for
fluid flow and the mass continuity equation, solving them
for each computational cell (Tannehill et al., 1997).

Fig. 3 Example of Tested Profile with number of 16
steps

Fig. 4 Grid configurations

While Flow-3D stands out as prominent and robust
software, plethora of other viable CFD tools and software
options exists. For our study, we selected suitable CFD
software to model the complex flow behavior within the
(CZ) encompassing the stepped ogee crest and stepped
chutes. Subsequently, we employed this software to
compute the energy dissipation within this zone and
compare these results against our experimental data. This
comparison was undertaken to validate the accuracy and
reliability of our numerical solution.

2.5 Meshing Analysis

For the geometric modeling, FreeCAD software was
utilized to define the shape of the weir, as well as certain
steps within the stepped chutes as illustrated in Fig. 3.
Additionally, the software was employed to create a
comprehensive model of the entire stepped spillway,
facilitating the estimation of energy dissipation within
the system.

A grid convergence analysis was conducted for each
case study as shown in the Fig. 4, varying the mesh size
from coarse to fine (2cms to 4 mm), to determine the
appropriate cell size. The results of the grid convergence
study in Tables 2, 3 indicate that, for CZ and the entire
structure, the optimal cell size is determined to be 4 mm.

In our model, we selected a time step of 0.0001
seconds to address stability concerns. Each simulation
extends duration of 100 seconds to attain a steady-
state regime. The simulation process varied in duration,
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Table 2 Grid analysis-CZ

Ogee crest without steps N=16 steps N=22 steps
Cell size 2cms-1cm-4mm 2cms-1cm-4mm 2cms-1cm-4mm
Total number of cells 1 000 250 980 000 820 026
Table 3 Complete configuration of the stepped spillway
Ogee crest without steps N=56 steps N=60 steps
Cell size 2cms-1cm-4mm 2cms-1cm-4mm 2cms-1cm-4mm
Total number of cells 15 020 533 14 825 666 14 222 236
ranging from 10 hours to several days for each case, ok 1 ok ok ok;
encompassing the transition from nappe flow to _T+V_(”/\a_;+‘“% a_;J’WAz az) R +G; +Diffy & (14)
skimming flow. F
2.6 Turbulence Modeling and Water Surface 0 1 P P P CDIS1
Tracking §+V—(UAK v vA ST gT ST)_ —(PT+CDIS
F T
In most engineering applications, RANS model . &
(Reynold averaged Navier-stokes equations) is used in G)+ Diff, _CD|SZE
order to model turbulence. (15)

The mass continuity equation can be expressed in a
general form as follows Eq. (8) (Pletcher et al., 1997;
Kaheh et al., 2014; Bayon et al., 2016):

Ve 2y PUAK +R pVA/ pWAz +§p e =Ry +Riz (8)

The Equations (9), (10) provide the mass source
term and the turbulent diffusion.

o =2l h DRE0A DL 0a D R
V—Pa—P+auA‘+RaVAy+6WAZ+§%=ﬁ (10)
pC ot OX oy oz X

The momentum equations in three dimensions can
be expressed as follows Egs. (11), (12), (13):

a, AV 1P R
A<* Nl 57:_77 G f b SOR( §U)
A/ Ve px e
(11)
o 1qu wf @ P VLN T
XV; Py Ju
(12)
w1 . ow . ow . ow 10P R
T (UA =+ —4tWA D)= ()+G. +f -b + SOR (w— W, -ow,
P VFM@X V%y A) p(62)  +, szF( )

(13)

For simulations, we utilized the RANS equations
(k—&, and RNGk —¢) see Egs. (14), (15) in order to
close the system and obtain the algebraic equations using
finite volume approach.

They consist of two transport Egs. (14), (15) for the
turbulent kinetic energy (k;) and its dissipation (&),
which are:
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Flow 3D Hydro calculates the mean values for the
hydraulic parameters for each cell using staggered grid
system.

The Volume of Fluid (VOF) method was employed
for the estimation of water surface within the context of
this study.

The VOF method relies on the fraction o function
as an indicator as presented in the Eq. (16), allowing the
determination of the proportion of a computational cell
filled with water, air, or a combination of both.

The software implementation utilizes the Tru-VOF
method for accurately tracking the interface between
water and air.

The VOF equation for interface tracking is expressed
as follows Eq. (16):

oa oo

—+u,—=0
oo, (16)
2.7 Implementation of Boundary and Initial
Conditions
In the numerical solution, standard boundary

conditions were implemented as follows:

At the inlet, the head discharge was specified for
each case using condition P (specified pressure), which
represents the pressure in meters and corresponds to the
elevation of the fluid at the inlet.

For the lateral walls, the condition S (symmetry) was
applied, indicating either no specific conditions to check
on these walls or that the calculations were based on a
control volume approach.

The bottom wall was set to the condition W (wall),
indicating that it represents a solid surface through which
the fluid flows. The top wall was set to atmospheric
pressure.
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Calibration of the numerical model using physical model

== Unit discharge s

* TH-RNG k-epsilon model

H-k-epsilon

Discharge head in cm

--------- H Theoretical values

10 20 30 40 50 60 70 80 90
Volumetric flowrate in I/s

Fig. 5 Calibration of the numerical solution using
physical model

The outflow condition, denoted by O (outflow), was
applied to allow fluid to discharge and prevent water
from accumulating in the domain.

Additionally, for the initial condition, water level at
t=0 was specified.

3 RESULTS

3.1 Calibration of the Model

Employing a sensitivity analysis with empirical,
numerical, and two turbulence models, alongside values
from a physical model, the accuracy of the methods
employed in this study were verified.

The analytical relationship (Reclamation, 1987)
between the flow discharge and head discharges is
provided by the Eq. (17):

3
2

Q=CLH 17)

According to Fig. 5 and Tables 4, 5 the results
indicate close agreement among the methods, ranging
from nappe flow to skimming flow.

Notably, the turbulence model RNG k-¢
demonstrates a commendable alignment with the
physical model in terms of the tested flow discharges.

Table 4 Comparison of the head discharges between
experimental data and CFD

Table 5 Comparison of relative mean error RME of
the head discharges

Q(lfs) RME H-RNG k—g(%) RME k—é‘(%)
10.2 8.27 9.11
25.9 0.02 1.01

58 -0.63 0.75

83 -0.61 -0.13

) H-RNG | H- k—¢ | H-Emp H-Exp
K=& (cms) | (cms) (cms) (cms)

10.2 3.16 3.128 3.04 3.44
25.9 5.92 5.86 5.68 5.92
58 9.92 9.76 9.68 9.84
83 12.52 12.46 12.32 12.44
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The examination of the results of the Table 5 shows
the maximum relative mean error RME between the
experimental values and numerical values for both
turbulence model (RNGk-¢,k—¢).For nappe flow
regimes, the discrepancies between the two turbulence
models and experimental data range from 8% to 9%.
However, for high flow discharge conditions, when the
skimming flow regime is prevalent, the differences are
smaller, ranging from 1% to 0.13%.

Overall, RME does not exceed 10 % and become
smaller for high flow discharges.

In addition, we conclude the performance of the H-
RNG k — ¢ is better than k — & turbulence model.

Both turbulence models yield satisfactory results, yet
the RNG k—& model exhibits superior accuracy when
compared to experimental data. This enhanced
performance can be attributed to specific enhancements
in the RNG k—gmodel. Notably, this model
incorporates modifications not only in the constants of
the transport equations but also introduces an additional
term in the source term of the ¢ equation, leading to
improved predictive capabilities.

3.2 Transition Zone with Ogee Crested Weir

Figure 6 illustrates a water surface diverging
significantly and deviating from the profile of the steps
within the transition zone connecting the ogee crest to the
chute spillway. Notably, shock waves are observed in
this region.

The initial configuration without steps can create
dangerous hydraulic problems for the long-term
operation of the structure;

Therefore, we chose to adjust the profile to ensure
that the water profile conforms to the shape of the
transition zone, aiming to prevent hydraulic dysfunction
such as cavitation and shock waves (Reinauer & Hager,
1996, 1997; Souli et al., 20234, b).

(a) (b)
Fig. 6 Flow over ogee crest for discharge (a) Q=25.91/s
(skimming flow ), (b) Q=10.2 I/s (Nappe flow)




H. Souli et al. / JAFM, Vol. 17, No. 9, pp. 1874-1884, 2024.

@ (b)

Fig. 7 Flow over the modified profile for discharge (a)
Q=10.2 I/s (Nappe flow), (b) Q=25.9 I/s (skimming
flow)

@) (b)

Fig. 8 Flow over the modified profile for discharge (a)
Q=58 I/s, (b) Q=83 I/s (Skimming flow)

3.3 Modelling the Modified Profile

In this part, the focus will be on the conditions
upstream the stepped chute (in the transition zone
between the weir and stepped chutes in the modified
profile), the wvelocity distribution and the energy
dissipation.

The results from the physical model, depicted in Fig.
9, demonstrate strong agreement with the numerical
solutions, as illustrated in Figs. 7 and 8, regarding flow
patterns and behavior.

The comparison between the results obtained from
the numerical simulation and the physical model
demonstrates consistent patterns. Validation of our
numerical approach is achieved through Fig. 9, indicating
that after modifying the profile in the critical zone (CZ),
no jumps or shock waves occur in this region. The water
surface conforms to the desired weir profile without any
disturbances, aligning with the objectives of this study.
This alignment between the physical and numerical
models underscores the effectiveness of the modified
profile in achieving the desired flow characteristics.

The Fig.6 represents the inflow conditions for flow
discharges ranging from 10.2 I/s to 25.9 I/s in both
numerical and physical models.

A noteworthy observation is the strong agreement
between numerical approaches and experimental data.

1880

-No jumpsor
shock wavesin
the transition
zone.

-The water surface
fits the modified
profile.

Fig. 9 Validation of the Modified profile using the
physical modeling (Skimming flow).

The mitigation of the spray zone effect is evident with
the use of the modified profile, as confirmed by the
physical modeling results, particularly in nappe flow.
Furthermore, these outcomes affirm the numerical
solution's capability to accurately capture the free surface
in the CZ, effectively avoiding the springboard effect
associated with our modified profile.

3.4 Comparison of Velocity Distribution

In this segment of our investigation, we presented in
Fig. 10 a velocity distribution within the (CZ). The

velocity profile as a function of Z =%was graphically
represented to gain a comprehensive understanding of the
impact of introducing additional steps in the CZ.

This allowed us to compare the velocity fields for
the tested cases through both numerical and physical
modeling, facilitating a thorough examination of the
effects of varying step configurations on the flow
dynamics.

The velocity distribution
T T

T T T
= \/max-Without the modified Profie-CFD-Q=10.2 lis

$.% o

V¢ | 0 Vmax-With modified Profle-CFD-Q=10.21s

Vmax-With modifid Profile Physical model-Q=10.21/s
Vmax-Without the modified Profie-CFD-Q=58 Is
Vmax-With modified Profile-CFD-Q=58 lis
Vmax-With modifid Profile Physical model-Q=58 Is

081

06

Dimensionelles parameter Z

021

\ Y| 4 VmaxWibout the modiied Profe CFD-0=83 s
\ 4 [= = Vmax-With modified Profile-CFD-Q=83 is
\ A [ Vimax-With modifc Profile Physical model-=83 Is

| \
1 15 2 25 3 35 4 45
Velocity mis

Fig. 10 Velocity distribution for the tested cases and

comparison with the physical model
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As depicted in Fig.10, which illustrates the
dimensionless parameter Z as a function of velocity, the
velocity in nappe flow exhibits fluctuations with the Z
parameter. Initially, at the beginning of the weir profile
where z is small (z-axis), the velocity, measured and
calculated, is less than 0.5 m/s, a result confirmed by
experimental data. Moving along the z-axis of the profile,
the velocity distribution shows two maximum velocity
values exceeding 1.5 m/s. This velocity distribution is
valid for nappe flow, as the water surface impacts the
steps without a pseudo bottom surface, typical of
skimming flow. The overall pattern of the velocity
distribution indicates rapid fluctuations between these
two parameters.

For skimming flow with a discharge of 58 I/s, initial
observations at the beginning of the weir profile, where z
is small (z-axis), indicate a velocity less than 2 m/s, a
finding validated by the physical model. Progressing
along the z-axis, the velocity distribution reveals several
maximum velocity values exceeding 2.5 m/s. A
comparison with the variant of the profile without
modifications shows a velocity decrease of 0.2 m/s,
confirming the effectiveness of the modified profile. The
variation of the velocity with the Z parameter
demonstrates sharp changes with fluctuations at various
points along the z-axis.

For a discharge of 83 I/s, the velocity distribution
differences between the tested profiles are more
pronounced, with an overall increase of 0.7 m/s. Initially,
at the beginning of the weir, velocities exceed 3 m/s. As
Z ranges from 0 to 0.4, both numerical and physical
models with the modified profile exhibit similar values.
Beyond Z=0.4, an asymptotic value is observed in both
approaches, with a gradual deviation by an average of 0.1
m/s between them.

As indicated in the Fig. 10 for the nappe flow regime
at Q=10.2 I/s, the modified profile significantly
contributes to reducing the velocity, showing a crucial
role. It leads to a 10 % velocity reduction compared to
the CEDEX profile and an even more substantial
reduction of over 18 % when compared to a scenario
with only the ogee-crested weir in the Critical CZ.

This significant impact is attributed to the addition of
steps; the flow adheres to these steps, facilitating energy
dissipation, especially for lower flow discharges where
the flow jumps over multiple steps.

As depicted in the Fig. 10, during the skimming flow
regime at Q=58-83 I/s, the modified profile plays a
significant role in reducing velocity, demonstrating its
crucial impact. It results in a 7% reduction in velocity
compared to the CEDEX profile presented in the Fig. 11
as example of the outputs of the numerical methods.
Moreover, even more substantial reduction of over 15%
when contrasted with the profile of ogee-crested weir in
the CZ shown in the Fig. 6. Notably, both flow
discharges exhibit similar trends, and values with the
modified profile closely align with those obtained from
experimental data.

Overall, it is evident that the modified profile
demonstrates favorable performance in terms of reducing

max= 2.97E+00

velocity magnitude and vectors

-0.26

-1000 .1096 3192 .5288 7384
X

Fig. 11 Example of simulation of the CZ-CEDEX
profile

velocity within the Critical CZ across various flow
discharges.

3.5 The Dissipation Rate: Physical and Numerical
Approaches

In order to compute the residual energy at the bottom
of the stepped chute, the conjugate depthY,was

measured in the physical model, with the help of the
control section downstream the stepped spillway, and

then Yy, Was computed with the help of the Eq. 18 of the
hydraulic jump:

Y, :%(—1+Jl+8Fr22) (18)

Water velocity and heights in the stilling basin were
also measured. which enabled us to compute the Froude
number, ensuring subcritical flow downstream of the
hydraulic jump. Additionally, we utilized the Flow-3D
Hydro software to visually track the development of the
hydraulic jump. The accuracy of these measurements was
further confirmed through validation with experimental
data.

3.6 Comparison of the Energy Dissipation

Figure 12 illustrate the relation between flow rate
(Q) and dissipation rate, in both scenarios, one with the
altered profile in the critical zone (CZ) and one without.
In this section, our objective is to investigate the impact
of modifying the profile in the critical zone (CZ), varying
the number of steps, and adjusting the volume flow rate
during the transition from nappe flow to skimming flow.
This exploration is conducted using the empirical Eq. (5)
previously mentioned, alongside experimental data and
numerical approaches.

In nappe flow, as emphasized in the introduction, the
dissipation rate is notably high due to the formation of
hydraulic jumps at each step, resulting in increased
dissipation for smaller flow discharges. As illustrated in
Fig.13 for a range of steps (N=16 to 60), the dissipation
rate without the modified profile ranges from 93% to
97%, whereas without the modification, it varies between
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88% and 92%. This signifies that the modified profile
contributes an additional 5% or more to the dissipation
rate—a critical parameter in stepped spillways.

The modified profile facilitates enhanced water-
surface adherence to the critical zone (CZ), allowing
increased friction with the steps compared to the scenario
without the proposed profile.

As observed in Fig.13, there is a clear trend of
decreasing dissipation rate as the flow rate increases.
This phenomenon is attributed to the skimming flow
regimes, where the flow exhibits a distinctive parallel
water surface, avoiding direct impact on the steps as seen
in nappe flow regimes. Instead, the flow forms cavities in
the corners of each step, aerating the flow and mitigating
the impact of the steps. Additionally, the dissipation rate
rises with an increase in the number of steps. Notably,
the modified profile demonstrates a significant impact,
enhancing with over 4% to the dissipation rate.
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Furthermore, the precision of the numerical
outcomes aligns well with the experimental data, as
shown in Figs7, 8, 9. The relative mean error across all
tested cases remains below 3%. This signifies the
effectiveness of the sensitivity analysis conducted on the
mesh grid and turbulence model employed which is a
crucial preliminary step for ensuring reliable results.

4 Conclusion

In this paper, we have addressed the challenges
associated with the initial design of stepped spillways
using an ogee crest and CEDEX profile, which led to
issues such as jumps and impingement in the transition
zone. To address these challenges, we proposed
modifications to the profile, including extending the
initial tangential point (from T to T') and adopting width
as a function of the head discharge until the stepped
chute, as well as incorporating additional steps in the
critical zone (C2).

The validation of our numerical approach was
conducted using various physical models with different
profiles and numbers of steps. Our results demonstrate
that the modified profile yields reliable results across all
flow regimes in the stepped spillway, with a notable
reduction in velocity by over 7% and an improvement in
the dissipation rate by more than 4%.

Furthermore, the calculated relative mean error for
energy dissipation and velocity between physical and
numerical solutions remains below 10%, indicating the
feasibility of using CFD methods to compute energy
dissipation accurately.

For future research, we recommend exploring the
sensitivity to different slopes (the ratio h/l) and studying
the pressure distribution in the critical zone using the
modified profile. In addition, investigating the effect of
roughness on the critical zone would be beneficial for
further understanding and improving the design of
stepped spillways.
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