Hydraulic performance of stepped spillways with reverse step barriers
under skimming flow conditions: a three-dimensional numerical study
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In recent years, the application of stepped spillways has increased
owing to their high efficiency. Therefore, studies in this field have
been of interest to researchers. Most of the studies have been focused
on improving the ability of energy dissipation. In this research, a
special configuration was presented named stepped spillway with
reverse step barriers, and its energy dissipation capability was
evaluated in comparison with conventional stepped spillways. The
numerical model was validated against experimental results obtained
from the physical model. OpenFOAM was used to develop five three-
dimensional reverse step barrier configurations designed for
skimming flow. The flow was simulated using the InterFoam solver
with the RNG k—e turbulence model. The findings reveal a substantial
enhancement in energy dissipation toward the downstream section of
the spillway. Also, among the different configurations, G2 geometry
exhibited the highest energy dissipation rate. At a discharge of 0.09
m?/s and a yc/h ratio of 1.45, the G2—-G5 configurations achieved
greater energy dissipation than the conventional stepped spillway,
with increases of 64.1%, 26.4%, 41.5%, and 54.7% for G2, G3, G4,
and G5, respectively. Finally, G2 geometry was proposed as the best-
performing configuration in stepped spillways with reverse step
barriers in terms of energy dissipation rate.

Stepped spillway, Computational fluid dynamics, OpenFOAM
software, Energy dissipation, Reverse step barriers.

The use of stepped spillways for flow management dates back
to ancient times. According to the historical review by Chanson
[1], one of the earliest documented examples of a stepped
spillway is the Koufonisi Dam in Greece, which is estimated to
have been constructed around 1000 BC. The development and
widespread implementation of Roller-Compacted Concrete
(RCC) technology in recent decades have led to renewed
interest in stepped spillways, particularly because of their
structural stability and effective energy dissipation capability.
Meanwhile, advances in dam construction technology have
made the construction of very large dams increasingly feasible.
The high height of the dams causes the flow velocity to
increase to a very high extent during the discharge and
extraction of water from the dam and causes phenomena such
as cavitation, erosion and scouring of the downstream bed.
Therefore, an energy dissipation system is needed in the way of
discharging the flow from the dams. Dams with a higher height
require a more efficient energy dissipation system.
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In recent years, scholars have focused on
enhancing the efficiency of spillways and
have undertaken extensive research in this
domain. One notable area of investigation
involves optimizing energy dissipation in
stepped spillways to mitigate downstream
flow velocity. Sorensen [2], Peyras et al.
[3], and Rice et al. [4] examined the effect
of flow regime, step geometry, and spillway
slope on energy dissipation. Extensive
laboratory investigations on the
identification of flow type and energy
dissipation in stepped spillways have been
conducted by Chanson [5] and relationships
to distinguish the flow type and quantify the
energy dissipated in these spillways has also
proposed. Felder and Chanson [6]
investigated a stepped spillway inclined at
21.8°, with the analysis conducted for two
step configurations measuring 5 and 10 cm
in  heightt The  two-phase  flow
characteristics in high-velocity conditions
were investigated for flow passing over a
stepped chute. The downstream energy
dissipation associated with reverse slopes,
step geometry, step-end edges, and surface
roughness was examined by Felder et al.
[7,8], Hamedi et al. [9], and Nohani [10]. Li
and Zhang [11] conducted numerical
simulations to investigate the hydraulic
behavior of various pooled stepped spillway
configurations, with particular attention to
vortex formation mechanisms and the
corresponding  pressure and  velocity
distributions. Ma et al. [12] investigated
numerically the energy dissipation in
interval-pooled stepped spillways. Using the
Omega vortex-intensity criterion, the study
demonstrated that stepped spillways
equipped with V-shaped and inverted V-
shaped steps provide greater energy
dissipation than conventional flat-step and
continuous pool-type configurations. In
addition, the average intensity of the vortex
can determine the rate of energy dissipation
to some extent.

Salmasi and Abraham [13] investigated
the performance of stepped spillways as an
effective hydraulic structure for flow energy
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dissipation. In their study, the effects of key
design parameters, including step width,
step height, spillway slope, and spillway
height, on the hydraulic performance of the
system were evaluated. Owing to the large
number of design variables, the nonlinear
nature of the objective function, and the
associated design constraints, a genetic
algorithm was employed to determine the
optimal spillway dimensions. Their results
demonstrated that increasing the number of
steps enhanced energy dissipation, while the
sensitivity analysis indicated that the
relative energy dissipation decreased with
increasing spillway slope. These findings
highlighted the importance of optimal
stepped-spillway design for improving the
hydraulic efficiency of spillway structures.
In another study, Salmasi and Abraham [14]
conducted an experimental and numerical
investigation of stepped spillways to
evaluate their energy dissipation
performance. Nine physical models with
spillway slopes of 15°, 25°, and 45° and
varying numbers of steps (5-50) were
constructed to examine the effects of these
parameters on energy dissipation. The
experimental results revealed that the
dimensionless parameters, namely the
Froude number and (q*(gHam’)), exerted
the greatest influence on energy dissipation,
whereas the spillway slope and the number
of steps had a comparatively smaller effect
on the overall energy dissipation rate.
Nevertheless, for a constant discharge,
increasing both the spillway slope and the
number of steps resulted in greater energy
dissipation

Salmasi and Abraham [15] numerically
investigated the hydraulic behavior of
skimming flow along the stepped spillway
of the Zirdan Dam. The hydraulic
performance of stepped and smooth
spillways was assessed through numerical
simulations based on the RNG k-
turbulence formulation and the multiphase


https://jhs.scu.ac.ir/

mixture approach. The numerical model
was validated against field measurements.
The findings demonstrated that the steps
significantly reduced the boundary-layer
development length and promoted earlier
flow aeration. Moreover, the cavitation
index along the stepped spillway remained
consistently above the critical threshold,
indicating a negligible risk of cavitation
damage. In contrast, the smooth spillway
exhibited the potential for cavitation
(negative pressure) beginning
approximately 56 m downstream of the
spillway crest. In another experimental
study, Salmasi et al. [16] evaluated the
influence of various hydraulic parameters
on flow energy dissipation in gabion
stepped spillways. Particular attention was
given to the hydraulic performance of
rectangular and inclined end sills. The
results indicated that the effectiveness of
end sills was considerably greater in gabion
spillways with milder slopes than in those
with  steeper  slopes.  Furthermore,
rectangular end sills produced
approximately = 3-4%  higher  energy
dissipation than inclined end sills. The study
also demonstrated that gabion material with
a median particle diameter (dso) of 10mm
provided the highest energy dissipation
efficiency. These findings emphasize the
importance of end-sill geometry in the
hydraulic performance of gabion stepped
spillways and provide practical guidance for
improving energy dissipation in similar
hydraulic structures.

Ghaderi et al. [17] conducted a combined
numerical and experimental investigation to
evaluate the influence of labyrinth
configurations  with  trapezoidal and
rectangular crest geometries on the energy
dissipation rate of stepped spillways. Using
an OpenFOAM-based numerical model
with the InterFoam solver, the hydraulic
performance of these configurations was
compared with that of a conventional
stepped spillway under skimming flow
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conditions. The results demonstrated that
modifying the labyrinth crest geometry to
trapezoidal and  rectangular  forms
significantly =~ enhanced  the  energy
dissipation performance. For a flow
condition characterized by (y./h=1.45), the
trapezoidal and rectangular configurations
achieved 34.7% and 21.1% greater energy
dissipation, respectively, relative to the
conventional stepped spillway. The pressure
field and turbulent kinetic energy were also
examined, showing that the trapezoidal
configuration produced higher turbulent
kinetic energy, whereas the rectangular
configuration resulted in more pronounced
negative pressures over the upper half of the
vertical step face. These findings emphasize
the need to account for structural
performance and potential cavitation when
designing labyrinth stepped spillways. In a
subsequent study, Ghaderi et al. [18]
employed an OpenFOAM-based numerical
model, validated against experimental data,
to investigate the hydraulic characteristics,
energy dissipation rate, and residual energy
downstream  of  stepped  spillways
incorporating  circular labyrinth  crest
configurations. Their results showed that
combining a stepped spillway with circular
labyrinth crest geometries enhanced energy
dissipation compared with a conventional
stepped spillway. At a constant discharge
corresponding to (y</h=1.68), the two-cycle,
three-cycle, and four-cycle arrangements
yielded energy dissipation enhancements of
4.7%, 28.0%, and 18.3%, respectively. Of
all the configurations examined, the three-
cycle arrangement provided the greatest
energy dissipation and exhibited less severe
negative pressures over the upper half of the
vertical step face, demonstrating its
enhanced  hydraulic  and  structural
performance.

A review of the existing literature
indicates that stepped spillways have been
extensively investigated over the past
decades from  various  perspectives,
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including step geometry, surface roughness,
localized cavities, spillway curvature, and
optimization techniques. However, to the
best of the authors' knowledge, previous
studies have primarily focused on
conventional  geometric  modifications,
while stepped spillways incorporating
reverse step barriers as a distinct hydraulic
configuration have not yet been
investigated. Therefore, the present study
introduces and evaluates, for the first time,
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several novel configurations incorporating
reverse step barriers with different
arrangements. Their hydraulic performance
is assessed in terms of energy dissipation
and compared with that of a conventional
stepped spillway. The findings of this study

steps.  Various researchers, including
Rajaratnam [19], Peyars et al. [3], and
Chanson [20] have conducted studies that
demonstrate the dependence of flow type on
the normalized critical depth (y./h) and the
dimensionless coordinate of the step (h/l).
Here, yc represents the critical flow depth,
while h and I represent the step height and
length, respectively. Accordingly, the
following experimental relationships are
presented based on the conditions in which

<09 Rajaratnam [19] (1
Peyars et al.[3] 2)
<1.25 Chanson [20] 3)

the skimming flow regime is established, as
proposed by various researchers.

Based on Equations (1)~(3) and the
information given in Table 1, it can be
concluded that the simulated flow regime in
this study is classified as skimming flow.

Table 1: Flow parameters and associated flow patterns of the investigated stepped spillway
in this study.

Discharge(m’/s) y—=(q*g)"® Step height,h (m) Step width,I(m) h/l y</h Flow regime

0.09 0.145 0.1

0.2 0.5 145 skimming

are expected to contribute to the
advancement of current knowledge on
stepped spillway design and to identify
more effective configurations for enhancing
flow energy dissipation.

Several experimental and theoretical
relationships have been introduced in the
literature to determine the governing flow
regime in stepped spillways. The flow
regime can be effectively characterized
based on the discharge rate and the
geometric characteristics of the spillway
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According to the findings of previous
researchers, the parameters influencing flow
over stepped spillways include dynamic
viscosity (), density (p), gravitational
acceleration (g), flow depth (y), flow
velocity (V), step height (h), step width (1),
number of steps (No), spillway width (W),
and spillway height (Hgpiiway). Other
parameters of spillways with reverse step
barriers are not presented because they are
the same in all models. When the width (W)
is significantly larger than the flow depth
(y), the dissipation of energy in stepped
spillways is influenced by various factors
such as the number of steps (No), step
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height (h), step width (1), and flow rate (Q).
Therefore, various parameters in the reverse
step slope spillways are related in the form
of equation (4). By applying Buckingham’s
© theorem and using density (p), flow depth
(y), and flow velocity (V) as repeating
parameters, the relative energy dissipation
can be expressed as a function of the
following dimensionless parameters.

AH Ye Ye Hspitiway
o= f (e T R, Fr No) ()

If it is assumed that in open channels,
inertial force outweighs the viscous force of
the fluid [21] and considering that the
number of steps in the spillway in this
research is the same for all models, the
Reynolds number and the number of steps
can be ignored.

Simulation has been carried out in order
to investigate the performance of stepped
spillways with reverse step barriers in terms
of energy dissipation, by choosing five
different configurations and comparing the
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results with the conventional step shape. In
this study, the term reverse step barriers
refers to physical barrier elements installed
on the steps of the spillway. These barriers
are additional structural components and
should not be interpreted as modifications
to the step geometry or orientation. Here, in
the first stage of the simulation, the ratio of
the flow velocity to the critical velocity
(V/V¢) and also the critical depth to the step
height (yc/h) for a stepped spillway with a
conventional step has been compared with
the laboratory results [8] and the results of
the numerical model, validated. The
experiments were carried out using a
stepped spillway, measuring 0.52 meters in
width, consisting of 10 steps in a
conventional shape. Step of the spillway
measures 0.1 meters in height and 0.2
meters in width. The stepped spillway
investigated by Felder et al. [8] is
schematically illustrated in Figure 1. All the
models investigated in this research have
been drawn and meshed by Gambit
software and then transferred to

OpenFOAM software.

Fig. 1- Geometric configuration of the stepped spillway examined experimentally by
Felder et al. [8].

Journal of Hydraulic Structures
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OpenFOAM is a well-established open-
source computational fluid dynamics (CFD)
software package that is extensively used
for a wide range of fluid-flow simulations.
It is implemented in C++, a high-level,
object-oriented programming language,
making use of C++ programming language
for all its codes, solvers, and libraries. In
addition to the model and mesh generation
tool, OpenFOAM can import the meshed
model with defined boundary conditions file
from various mesh generation software like
Gambit and Netgen. OpenFOAM software
offers a distinct advantage over commercial
software like Fluent or Ansys when it
comes to defining system parameters and
selecting an appropriate solver based on the
specific conditions of the problem. Various
numerical methods, including finite volume,
finite element, boundary element, and finite
difference methods, can be employed to
solve the governing equations of two-phase
flow and determine unknown values. The
process of solving these equations involves
discretization and defining a system of
equations within specific intervals of the
solution domain for the unknown variables.

In the present study, numerical
simulations were performed using the
interFoam solver within the OpenFOAM
framework. The InterFoam solver employs
the Volume of Fluid (VOF) approach to
simulate incompressible two-phase flows
with a free surface. Rather than solving
separate momentum equations for each
phase, the method solves a single
momentum equation for the mixture, with
density and viscosity determined from the
corresponding phase volume fractions. To
track the air—water interface, the transport
equation for the liquid-phase volume
fraction is solved as follows:

Z—‘:+|7-(au)+|7-[a(1—a)Ur]=0 (5)
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where a is the volume fraction of the liquid
phase, U is the mixture velocity, and Ur is
the artificial relative velocity used for
interface compression. The continuity
equation for the mixture can be expressed as
follows:

V-U=0 (6)

The momentum equation for the two-phase
mixture is expressed as follows:

d(pU
LD 17 (pUU) = —Vpygn +7 -

7
[ters (VU + VU] + pg + f, 7
where p=api+(1—a)p: is the mixture density,
Letr 18 the effective viscosity, prmn is the
modified hydrostatic pressure, g is the
gravitational acceleration, and fo represents
the surface tension force modeled using the
Continuum Surface Force (CSF) approach.
To account for the nonlinear Reynolds
stress term, it is necessary to incorporate a
turbulence model. In this research, the RNG
K-¢ turbulence model has been employed
for simulation. Although LES and the
standard RNG k—¢ turbulence models could
also be employed in this study, the RNG k—
€ model was selected owing to its capability
to simulate flow through complex meshes,
its use of fewer empirical constants in the
governing relations, and its satisfactory
performance in predicting flow separation
regions. Also, the high capability of the
RNG K — ¢ turbulence model to simulate
the flow over the stepped spillway and the
vertical drop in the studies conducted by
Rezapour and Tavakoli [22], Daneshfaraz
and Ghaderi [23] and Ghaderi et al. [24] has
been concluded. The research conducted in
this study explored five three-dimensional
configurations, as depicted in Figure 2. All
3D models include various step
configurations with reverse step barriers. In
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Figure 3, two types of barriers are selected
and different arrangements of these barriers
are used in stepped spillway configurations.

2.5. Meshing and boundary

conditions

In this research, four different designs were
employed to determine the suitable mesh
size and ensure accurate correspondence
between the flow velocity results obtained
from both the numerical and laboratory
models in step number 9. Ultimately, after
careful evaluation, design number 2 was

Gbase

determined to be the optimal -choice,
featuring a total of 430,000 meshes. Table 2
displays the error parameters associated
with the utilization of varying mesh
quantities in the numerical results.
Considering that in scenario 1 with an
increase of 80,000 meshes compared to
scenario 2, there was no significant change
in the accuracy of the numerical results, in
order to prevent the increase in
computational cost, scenario 2 was selected
as the superior design.

Fig. 2- Different arrangements of reverse step barriers in stepped spillway (W=52cm, h=10
cm and 1=20cm)

Journal of Hydraulic Structures
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Fig. 3- Dimensions of reverse step barriers in different layouts

Table 2: Error parameters for the number of meshes used

MAPE (%)
Scenario Mesh size (m) Mesh Number M=lyn |AcF
- ; t=1 At
1 0.008 510000 4.0
2 0.01 430000 4.2
3 0.03 360000 9.5
4 0.04 220000 15.1
In Table 2, MAPE means the mean absolute 4 shows the boundary conditions and
percentage error, A, represents real computational grid used in the models of
laboratory values and F; represents this research.

simulated numerical values. Finally, Figure

1.5

Qutlet

Wall
| L1 1 1 | | | L1l | | L1 L

-0.5 0 0.5 1 1.5 2 2.5
Fig. 4- Mesh configuration and boundary conditions used in the numerical model.
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Boundary conditions were done separately
for all parameters in OpenFOAM software.
In this study, a mass-flow-rate boundary
condition was specified at the inlet, while a
pressure-outlet condition was imposed at
the downstream boundary. The free surface
was treated as an atmospheric boundary,
and wall conditions were assigned to the
spillway walls and bottom. A no-slip
condition was applied to all solid surfaces,
resulting in zero fluid velocity at the walls,
while the flow field was resolved in the
computational cells adjacent to the solid
boundaries (near-wall cells).

To evaluate the numerical model's accuracy,
a discharge of 0.09 m3/s was selected,
corresponding to the flow rate employed in
the laboratory experiments of Felder et al.

[8]. The simulated velocity distribution is
presented in dimensionless form using (%)
C
and (yl), where y. denotes the critical flow
C
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depth and (V.) is the corresponding critical

flow velocity. Figure 5 depicts the
comparison  between  the  velocity
distributions of the numerical and
experimental models for flat stepped

spillways, specifically for a flow rate of
0.09 m’s. Upon examination of the
findings, it is observed that the mean
absolute percentage error (MAPE) for steps
7, 8, and 9 between the numerical and
experimental results is determined to be
4.30%, 4.87%, and 4.20%, respectively.
This shows that there is a good agreement
between the results of the numerical model
and the experimental data.

It should be noted that the wvelocity
profiles shown in Figure 5 were extracted
from sampling locations slightly above the
step surface rather than directly at the wall.
The first sampling locations are
approximately y/y.=0.02, 0.015, and 0.01
for Steps 7, 8, and 9, respectively.
Therefore, the zero velocity at the wall
prescribed by the no-slip boundary
condition is fully satisfied.

0.9 ¢ 0.9 ¢ 09 ¢
Ha [ - A
[ +Exp a [ +Exp = [ AExp n
0.75 | n 0.75 1 = 0.75 =
= Num - | = Num a [ = Num
-. n y
- L -, -
06 | - 06 | “a 06 | .
r = o a
- ] 2\ )|
o L . o : > -
22045 ¢ o 2045 f N 045 H
L - a
E = -
A *l |
03 . 03 | = 03 | "
mA n L
-
L [ ]
L L L 1
015 n 0.15 " 0.15 | -
I B [ HA “
Ha n
[ Y A
0 AL .. W ) (i T 0 PRSI SRR S Ly
14 18 22 26 3 14 18 22 26 3 14 18 22 26 3
VIV VIV, V/Ve

Fig. 5- Vertical distribution of flow velocity for steps 7, 8 and 9 (Q= 0.09 m3/s)
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3.2. Flow pattern

Figure 6 illustrates the streamlines in
various configurations of a stepped spillway
featuring reverse step barriers, along with a
comparison to the scenario without any
barriers. As it can be seen from this figure,
the reverse step barriers have caused
turbulence and significant changes in the
streamlines. In the flat stepped spillway in
the skimming flow regime, the streamlines
are parallel to each other and the rotational
flows are regularly formed under the pseudo
bottom, but in other configurations,
according to the location of reverse step
barriers, the streamlines have taken
different and irregular shapes.

D. Ghaderi et. al.

3.3. Free surface profile

Figure 7 presents the water surface profile
along the stepped spillways under skimming
flow conditions at a discharge of 0.09 m?%/s.
Evidently, in the skimming flow regime, the
water smoothly flows over the steps in a
continuous layer. In this scenario, the steps
function as an obstruction, introducing
roughness to the flow. As a result, the
primary cause of energy dissipation in this
flow regime stems from the rotational flows
generated beneath the pseudo bottom. In
Figure 8, the presence of rotational flows
beneath the pseudo bottom is evident in the
stepped spillway model where a reverse
slope replaces steps number 6 to 8.

Fig. 6- The streamlines simulated on the stepped spillway, specifically with the flat step

form (Gbase) and various forms of reverse step barriers (G1-G5)

Journal of Hydraulic Structures
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Gbase

&1

G1

Fig. 7- Simulated free-surface profiles under skimming flow conditions for the stepped spillway with
a flat-step configuration (Gbasc) and various reverse-step barrier configurations (G1—Gs).

Based on the research results of Chanson
[1], flow resistance is determined by the
recirculation process resulting from rotating
vortices in the recirculation area.
Additionally, energy dissipation occurs due
to the transfer of momentum between the
flow in the cavity area and the main flow.
The larger the recirculation area, the more
flow energy dissipation will occur. Figure 8
shows the flow velocity over the stepped
spillway models of this research.

The impact of these reverse step barriers
is evident in the reduction of flow velocity
from upstream to downstream.
Consequently, the velocity reduction in the

Journal of Hydraulic Structures

stepped spillway with reverse step barriers
is significantly more pronounced in
comparison to the conventional stepped
spillway. As an illustration, the average
velocity downstream of the end step in
stepped spillways with reverse step slopes
ranging from G2 to G5 has experienced
respective decreases of 54.1%, 12.9%,
33.7%, and 38.6% when compared to the
conventional  stepped  spillway. The
decrease in flow velocity can be attributed
to the interference of streamlines and the
heightened resistance to flow caused by the
presence of reverse step barriers.
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Fig. 8- Velocity distribution for stepped spillways with different reverse-step barrier
configurations

3.4. Energy dissipation and residual
energy

The transfer of water through spillways to
the downstream inevitably results in a
significant amount of kinetic energy. The
presence of steps in stepped spillways leads
to the dissipation of energy within the flow.
The consideration of enhancing the impact
of these steps on the level of energy
dissipation has always been a subject of
interest. One of the key concerns for
hydraulic structure designers is determining
the extent of energy dissipation in stepped

Journal of Hydraulic Structures

spillways and the residual energy remaining
at the end of this type of spillway. In this
study, by making changes in the stepped
spillway geometry and using reverse step
barriers, the amount of energy dissipation

. AH
was calculated in two forms (H—) and
0

( i ) at the edge of the last step. The

max

calculation of energy dissipation (n%) at
each step of the stepped spillway is given as
follows:

AH  Ho—H
r]% = — =
Hy Hy

;AH = Hy— H (8)
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Fig. 9- Relative energy dissipation for different reverse-step barrier configurations compared with
the flat stepped spillway

Figure 9 shows that the reverse step
barriers configuration of the stepped
spillway generally results in higher energy
dissipation at the downstream end (final
step). On the other hand, in the
configuration of Gy, the dissipation rate has
decreased compared to the basic plan. This
is due to its distinctive configuration, which
forms a pathway along the spillway’s
central axis, directing side flows toward the
center, increasing flow velocities along the
spillway path, and ultimately reducing
energy dissipation relative to the base
model. Among all the configurations, the
configuration with G, geometry has the
highest amount of energy dissipation. For a
flow rate of 0.09 m%s and y./h =1.45, the
stepped spillways with reverse step barriers
G, to Gs demonstrated 64.1%, 26.4%,
41.5%, and 54.7% higher energy dissipation
compared to a conventional stepped
spillway in the same flow conditions. Figure

Journal of Hydraulic Structures

10 shows the flow energy dissipation rate
AH

( ) in terms of dimensionless number
gmax
(%) for all models. AZ, represents the
c

vertical measurement from the spillway
crest to the final step for all spillway
models. Also, equation 9 can be used to
calculate the maximum water height
upstream of the spillway:

Hpax = 1.5y + Hspillway )
where Hgpiliway 1S the spillway height and y.
is the critical depth. Also, to get the energy
loss, it is necessary to calculate Hi.g, as

follows:
2

Hyps = dcos6 + Z_Z (10)
In above equation, Uy, 8, d, and g are the
flow velocity in the spillway central axis,
the slope of the chute, the depth of the flow,
and the acceleration of gravity, respectively.
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Fig. 10- Energy dissipation rate in different geometries: conventional stepped spillway (Gpase) and
different forms of reverse step barriers (G1-Gs)

Figure 10 indicates that the energy
dissipation rate in all of the stepped
spillways with reverse step barriers, except
for G, geometry, was higher than the flat
stepped spillway. The reason for this is the
roughness caused by the steps in designs
with reverse step barriers in the flow path.
As a result, due to the high interference of
streamlines, creating more disturbances in
the spillway path, more flow energy

5

dissipation has been achieved. According to
Figure 10, G, geometry has created the
highest energy dissipation rate. Therefore,
this configuration is proposed as a desirable
option to dissipate as much flow energy as
possible in stepped spillways. Figure 11
illustrates the relationship between the
dimensionless residual height (Hs/y:) and
the dimensionless ratio of critical depth to
step height (y./h).

Hres/yc
LI I LI I LI I LI I LI

<)
o
o
O—
)

y./h

Fig. 11- Residual energy in different geometries of stepped overflow with flat form (Gpasc) and
different forms of reverse step barriers (Gi-Gs)
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Fig 12 - Comparison of energy dissipation rates between the present model and those reported in
previous studies

Under identical flow conditions, the flat
stepped spillway exhibits a higher residual
energy level than the reverse-step
configuration G2. For example, at
y/h=1.45, the dimensionless residual head
for the flat stepped spillway reaches Hies/ye
= 3.49, whereas for stepped spillway with
the G2 form it equals His/y. = 2.6. To

validate the numerical model, the
simulation results obtained for the
conventional  stepped spillway  were

comprehensively compared with the well-
established experimental data reported by
Felder et al. [8] and Thorwarth [25]. The
comparison demonstrated a satisfactory
quantitative and qualitative agreement
between the numerical predictions of the
present study and the corresponding
experimental observations. Furthermore, the
energy dissipation performance of the G2
stepped  spillway  configuration  was
evaluated against the numerical results
reported by Ghaderi et al. [26]. Despite
variations in the boundary conditions and
geometric arrangements of the models, the
results indicate that the variation trend of
the energy dissipation rate obtained in the
present study is in good agreement with the
behavioral patterns reported in the reference
studies. The consistency observed across
the investigated scenarios (Fig. 12) further
confirms the accuracy of the numerical
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approach and demonstrates the reliability
and predictive capability of the present
model for analyzing the complex hydraulic
processes governing energy dissipation in

stepped  spillways. Consequently, the
proposed numerical model provides a
reliable  basis for engineering-scale

investigations of stepped spillway hydraulic
performance.

For many years, stepped spillways have
been employed as a means to effectively
manage the destructive force of flow on
spillways, resulting in reduced dimensions
of stilling basins and associated costs. Over
time, researchers have presented numerous
designs and configurations aimed at
enhancing the performance of these
spillways. In this study, the researchers
aimed to introduce a novel design for
stepped spillways known as stepped
spillway with reverse step barriers. The
hydraulic performance of this configuration
was then examined using OpenFOAM
software in three dimensions, with the goal
of enhancing energy dissipation conditions.
According to the research, the following
results were obtained:

- The velocity distribution results obtained

from comparing the experimental data of
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Felder et al. [11] with the results from
OpenFOAM software showed a maximum
error of 4.87% at step number 8. This
indicates a satisfactory level of agreement
between the laboratory data and the
numerical results.

Due to the greater roughness caused by
the reverse step barriers, the rate of flow
interference has increased along the path,
and in addition to the rotational flows

created in different sections, the rate of

interference and subsequently energy
dissipation has increased.

- The reverse step barrier has reduced the
flow wvelocity when moving to the
downstream of the spillway. In the basin
downstream of the final step, the average

recorded. The

findings showed that, relative to the
conventional stepped spillway, the flow
velocity in stepped spillways G2 to G5
decreased by 54.1%, 12.9%, 33.7%, and
38.6%, respectively. The decrease in flow
attributed to the
streamlines and the

velocity values were

velocity can be
interference  of
increase in flow resistance caused by the
presence of reverse step barriers.

The incorporation of reverse-step barriers
into the stepped spillway enhances energy
dissipation, with the most pronounced
effects occurring near the downstream end
of the spillway and on the final step. Also,
among different configurations of stepped
overflow with reverse step barriers, G2
geometry has obtained the highest
dissipation rate. For a flow rate of 0.09
m®/s and yc./h=1.45, the stepped spillways
with reverse step barriers (G2 to Gs)
exhibit 64.1%, 26.4%, 41.5%, and 54.7%
higher energy dissipation compared to a
conventional stepped

identical flow conditions.

spillway under

- Under the same flow conditions, the G2
configuration produces a lower residual
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energy level than the conventional stepped
spillway, indicating its greater
effectiveness in energy dissipation. When
y/h=1.45, the value of dimensionless
residual height for a flat stepped spillway
is equal to Hres/y=3.49, while the value of
this parameter for the stepped spillway of
the reverse step barriers with G, form is
equal to Hre/y=2.6.

Based on the research, G
geometry was suggested as the best-
performing configuration in stepped
spillways with reverse step barriers in

current

terms of energy dissipation rate.
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      y  c h ≥ 0 . 8


  0 . 4 ≤  h  l ≤ 0 . 9


      y  c h ≥ 1 . 01 − 0 . 37  (  h  l )


      y  c h ≥ 1 . 05 − 0 . 465  (  h  l )


  0 . 2 ≤  h  l ≤ 1 . 25


    𝛥 H    H 0 = f  (     y  c h ,     y  c  l ,     H  s p i l l w a y  W ,   R  e , F r ,   N 0 )


    𝜕 𝛼  𝜕 t + 𝛻 ⋅  ( 𝛼 U ) + 𝛻 ⋅  [ 𝛼  ( 1 − 𝛼 )   U  r ] = 0


  𝛻 ⋅ U = 0


    𝜕 ( 𝜌 U )  𝜕 t + 𝛻 ⋅  ( 𝜌 U U ) = − 𝛻   p  r g h + 𝛻 ⋅  [   𝜇  e f f  ( 𝛻 U +   𝛻 U  T ) ] +   𝜌  g +   f  𝜎


  R N G   K − 𝜀


  M =  1  n   ∑  t = 1  n   |     A  t −   F  t    A  t |


   (  V   V c )


   (  y   y c )


   (   Δ H   H 0 )


   (   Δ H   H max )


  𝜂 % =   𝛥 H    H 0 =     H 0 − H    H 0 ; 𝛥 H =   H 0 − H


    Δ H   H max


    Δ  z 0   y c


    H  m a x = 1 . 5   y  c +   H  s p i l l w a y


   H res


    H  r e s = d c o s 𝜃 +     U  w 2  2 g


  θ

