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Objective: This study aims to numerically examine the effect of three different step
edge shapes: plain, grated, and circular types, on the complex hydrodynamic
characteristics of flow over a ten-step spillway. It also seeks to assess energy
dissipation, velocity distribution, and pressure variations for each configuration to
determine the most suitable geometry for stable flow conditions.

Methods: Three-dimensional numerical simulations were carried out using FLOW-
3D. The Volume of Fluid method along with the RNG k — ¢ turbulence model was
applied. Simulations were performed at a constant discharge of 0.09 m®s. The
numerical outcomes were compared with reliable experimental data for validation. The
comparison showed good agreement, with an average relative error ranging from 5%
to 8%.

Results: The meshed-edge spillway creates the highest energy dissipation by reducing
the flow velocity by 15 to 20 percent compared to the simple edge. Although the
positive pressure on the horizontal face of the meshed-edge steps increased by 16.4%
compared to the simple-edge spillway, spillways with simple and circular edges
exhibit more stable behavior against negative pressures on the vertical faces of the
steps. Therefore, they are safer options for conditions where flow stability and the
prevention of structural fatigue or cavitation risk are priorities.

Conclusions: Despite its higher energy dissipation capacity, the grated edge is not
recommended because it generates strong fluctuations that increase the likelihood of
cavitation and structural damage. The plain edge is suggested as the best practical
option due to its acceptable hydraulic performance, flow stability, simpler

construction, and lower cost.
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Introduction

Stepped spillways are widely used in hydraulic engineering because their stepped geometry can
substantially enhance energy dissipation along the spillway chute and consequently reduce the
hydraulic load imposed on downstream energy dissipation structures. The hydraulic
performance of stepped spillways is strongly influenced by their geometric characteristics,
including step height, step length, spillway slope, and step-edge configuration. Previous
investigations have demonstrated that modifications to step geometry can alter flow separation,
recirculation zones, turbulence generation, pressure distribution, air entrainment, and energy
dissipation. In particular, local pressure reductions near step edges may become important from
a structural safety perspective because sufficiently low pressures can increase the potential for
cavitation. Despite extensive research on stepped spillways, relatively limited attention has
been given to the influence of modified step-edge geometries, particularly perforated or grated
and circular edges, on the three-dimensional hydraulic characteristics of the flow. Such
modifications may enhance energy dissipation by increasing local turbulence and flow
resistance; however, enhanced turbulence may simultaneously intensify pressure fluctuations
and local negative pressures. Therefore, an appropriate step-edge configuration should provide
a balance between energy dissipation and hydraulic and structural stability. The objective of
the present study was to numerically investigate the effects of three step-edge configurations,
namely plain, grated, and circular edges, on the hydrodynamic behavior of flow over a ten-step
spillway. The effects of the different configurations on velocity distribution, pressure
characteristics, energy dissipation, and residual flow energy were evaluated. Particular attention
was given to the occurrence of negative pressure on the vertical faces of the steps because of
its potential relationship with cavitation risk. The ultimate objective was to identify a practically
suitable step-edge configuration that provides satisfactory hydraulic performance while
maintaining flow stability and structural safety.

Materials and Methods

Three-dimensional numerical simulations were conducted using FLOW-3D. The computational
model employed the Volume of Fluid method to capture the air-water free surface and the RNG
turbulence model to simulate the turbulent flow field. The FAVOR approach available in
FLOW-3D was used to represent the complex geometry of the stepped spillway within a
structured computational grid. The spillway consisted of ten steps, with a step height of 0.10 m
and a step length of 0.20 m. The overall spillway height was 1.0 m, and the spillway slope was
approximately 26.57 degrees. A constant discharge of 0.09 m*/s was considered for the main
numerical simulations. The hydraulic regime of the investigated spillway was evaluated using
established theoretical and experimental criteria based on the normalized critical flow depth
and step geometry. The resulting conditions corresponded to the non-skimming flow regime
considered in the present investigation. The numerical model was initially developed for the
plain rectangular step-edge configuration and subsequently modified to represent the grated and
circular edge configurations. A mesh sensitivity analysis was performed using four
computational grid scenarios with different cell sizes and numbers of computational cells. The
results indicated that further refinement beyond the selected computational grid did not produce
a significant improvement in the numerical predictions. Therefore, a grid with a cell size of
approximately 1.05 cm and about 520,000 cells were selected as an appropriate compromise
between computational accuracy and computational cost. Different turbulence models were
also evaluated. The RNG turbulence model provided better agreement with the experimental
data than the alternative two-equation turbulence model and was therefore selected for the
subsequent simulations. The numerical model was validated against experimental
measurements reported by Felder and Chanson. The comparison was performed for the plain
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step-edge configuration at a discharge of 0.09 m?/s. Dimensionless velocity distributions were
compared at steps 8, 9, and 10 using several statistical performance indicators, including the
coefficient of determination, root mean square error, mean absolute error, mean absolute
percentage error, and Kling—Gupta efficiency. The obtained results demonstrated satisfactory
agreement between the numerical and experimental data, with MAPE values of 8.7%, 7.6%,
and 5.9% at steps 8, 9, and 10, respectively. The corresponding KGE values were 0.942, 0.963,
and 0.938, confirming the capability of the numerical model to reproduce the principal
characteristics of the flow. Following model validation, three step-edge configurations were
investigated: a plain rectangular edge representing the reference configuration, a grated edge
containing regularly distributed openings, and a circular edge with rounded geometry. All
configurations were examined under the same discharge condition to isolate the effect of step-
edge geometry. Velocity distributions were extracted at selected cross sections near the
downstream end of the spillway and in the downstream region. Pressure distributions were
evaluated separately on the horizontal and vertical faces of the steps. Relative energy dissipation
and residual energy were also calculated to quantitatively compare the hydraulic performance
of the three configurations.

Results and Discussion

The numerical results demonstrated that step-edge geometry has a significant influence on the
hydrodynamic characteristics of the flow. Among the three configurations, the grated edge
generated the greatest reduction in flow velocity. The enhanced flow resistance and local
turbulence associated with the openings in the grated edge promoted greater energy dissipation.
On average, the circular and grated configurations reduced the flow velocity by approximately
9% and 17.5%, respectively, compared with the plain-edge configuration. The grated
configuration therefore exhibited the most effective velocity reduction and energy dissipation
performance. The temporal analysis of velocity at two representative locations showed that the
numerical flow field approached a stable condition after approximately 15 s. The grated
configuration exhibited stronger temporal fluctuations than the plain and circular
configurations, which can be attributed to enhanced local turbulence and flow disturbances
generated around the openings. Although these fluctuations contributed to greater energy
dissipation, they also indicated a less stable hydraulic environment. The pressure analysis
revealed important differences among the three configurations. On the horizontal faces of the
steps, positive pressures were observed for all configurations, with no negative pressure
detected. The maximum positive pressure generally occurred at approximately two-thirds of
the step width. Compared with the plain-edge configuration, the average positive pressure on
the horizontal faces increased by approximately 11.9% for the circular configuration and 16.4%
for the grated configuration. The increased positive pressure reflects the stronger interaction
between the flow and the modified step edges. A different behavior was observed on the vertical
faces. Pressure generally decreased toward the step edge, and negative pressures were observed
for the grated configuration. This finding is particularly important from the perspective of
hydraulic safety because persistent or sufficiently intense negative pressures can increase the
potential for cavitation. In contrast, the plain and circular configurations exhibited more stable
pressure behavior and were less susceptible to pronounced negative pressures on the vertical
step faces. Thus, although the grated edge improved energy dissipation, its hydraulic behavior
involved a greater potential for undesirable pressure conditions. The analysis of energy
dissipation further confirmed the superior energy-dissipating capability of the modified edge
configurations. Both grated and circular edges produced higher energy dissipation than the plain
edge because their geometries enhanced flow resistance, turbulence, and recirculation. At the
investigated flow condition and a critical-depth-to-step-height ratio of approximately 1.5, the
grated and circular configurations increased energy dissipation by approximately 9.9% and

A4



Journal of New Approaches in Water and Environmental Engineering, Volume 5, Issue 3, 2026

4.3%, respectively, compared with the plain-edge configuration. The grated configuration
therefore provided the highest energy dissipation among the tested alternatives. The residual
energy results were consistent with the energy-dissipation analysis. Under identical hydraulic
conditions, the grated and circular configurations produced lower dimensionless residual
energy than the plain configuration. For example, at a critical-depth-to-step-height ratio of
approximately 1.17, the dimensionless residual energy for the plain configuration was about
3.12, whereas the corresponding value for the grated configuration was approximately 2.51.
This reduction confirms the effectiveness of the grated geometry in transferring a larger
proportion of the incoming flow energy into turbulence and other dissipative mechanisms along
the stepped chute. However, the results demonstrate that maximum energy dissipation does not
necessarily correspond to the most desirable overall hydraulic design. The grated edge produced
the highest energy dissipation and the greatest velocity reduction, but it also generated stronger
fluctuations and negative pressures on the vertical faces of the steps. These characteristics may
increase the potential for cavitation and structural fatigue, particularly under more severe
hydraulic conditions. The circular configuration provided an intermediate hydraulic response,
with lower velocities and greater energy dissipation than the plain configuration while
maintaining more stable pressure behavior than the grated configuration.

Conclusions

The three-dimensional numerical investigation demonstrated that modification of step-edge
geometry can substantially influence flow velocity, pressure distribution, energy dissipation,
and residual energy in stepped spillways. The validated FLOW-3D model successfully
reproduced the experimental velocity distributions, with MAPE values below 9% and KGE
values close to unity, supporting its suitability for investigating the tested configurations. The
grated step-edge configuration exhibited the highest hydraulic energy-dissipation capacity. At
the investigated hydraulic condition, it increased energy dissipation by approximately 9.9%
compared with the plain-edge configuration and reduced the average flow velocity by
approximately 17.5%. Nevertheless, the grated configuration also generated stronger flow
fluctuations and negative pressures on the vertical faces of the steps. Consequently, its higher
energy-dissipation efficiency should be considered together with the increased potential for
cavitation and structural damage. The circular configuration provided an intermediate
performance between the grated and plain configurations. Although it improved energy
dissipation and reduced flow velocity relative to the plain edge, its additional hydraulic benefit
was relatively limited compared with the increased construction complexity. Considering the
combined effects of energy dissipation, velocity reduction, pressure stability, cavitation
potential, construction simplicity, and cost, the plain step-edge configuration represents the
most practical overall option among the investigated geometries. The results indicate that step-
edge modification should therefore be selected according to the specific design priorities of a
project rather than solely on the basis of maximum energy dissipation.
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    𝜕 u  𝜕 t +    1    V  F    { u   A  X   𝜕 u  𝜕 x + v   A  y   𝜕 u  𝜕 y + w   A  z   𝜕 u  𝜕 z } =   −  1  𝜌     𝜕 p  𝜕 x +   G  x +   f  x


    𝜕 v  𝜕 t +    1    V  F    { u   A  X   𝜕 u  𝜕 x + v   A  y   𝜕 u  𝜕 y + w   A  z   𝜕 u  𝜕 z } =   −  1  𝜌     𝜕 p  𝜕 y +   G  y +   f  y
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  Rajaratnam    ( 1990 )


    y c  H ≥ 0 . 8                                                                                       0 . 4 ≤   H  L ≤ 0 . 9


  Peyras   et   al .    ( 1991 )                            


                         


    y c  H ≥ 1 . 01 − 0 . 37  (   H  L )                                                                                                


      Chanson    ( 1994 )


    y c  H ≥ 1 . 05 − 0 . 465  (   H  L )                               0 . 2 ≤   H  L ≤ 1 . 25
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  H = y  cos ⁡  𝜃 + (     V 2  2 g )


    V 0 =     Q  ( Y × W )
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