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Abstract: Steps effectively dissipate the energy of water along a path and reduce the size of the
stilling basin but are rarely used in curved spillways. The shore spillway of a reservoir, which is
restricted by topography, must be arranged in a curved shape. At high flow velocity and low water
depth, some areas of the base plate of the curved spillway were not covered by the water. The water
flow into the stilling basin did not form a submerged hydraulic jump. It was proposed that a step
with bottom non-uniform heights be placed in the smooth base plate of the curved spillway to
improve these undesirable hydraulic phenomena. A physical model experiment with a length scale
of 1:40 verified the feasibility of the curved stepped spillway in engineering. Based on the k-εmodel
and volume-of-fluid (VOF) method, a three-dimensional numerical model was established, and the
reliability of the numerical model was verified by measured data. The main flow region, velocity
field, cavitation on a step, and the energy loss rate of steps were discussed. The comparison between
a curved spillway with and without steps shows that the steps balance the partial centrifugal force
in the curved section, making the water depth of the cross-section evenly distributed, and the base
plate was no longer covered by water. The flow pattern on the steps was skimming flow, and the
velocity of the flow into the stilling basin was greatly reduced. The elevation of the concave bank of
the base plate was raised, resulting in the formation of transverse flow, which in turn constituted
a three-dimensional energy dissipation pattern with the longitudinal flow. The energy loss was
significantly higher than that of the smooth curved spillway. However, the triangular region near to
the concave bank on the base plate experienced negative pressure, and an aeration device in front of
the steps was needed.

Keywords: curved stepped spillway; non-uniform-height step; numerical model; physical experiment;
hydraulic performance

1. Introduction

Spillways are a major part of hydraulic engineering for the prevention or control of floods.
A reservoir’s shore spillway is located in mountainous terrain. Due to the restriction of its topography
and geology, the spillway must be arranged in a curved shape with a slope of 1:3.5. The flow in this
spillway is affected by centrifugal force, resulting in secondary flow, as well as an apparent difference
in the water level between the concave bank and convex bank [1]. Additionally, there are parts of the
base plate in the bend that are not covered by the water. Furthermore, the velocity of the water flow
into the stilling basin is large and the flow state is poor. The steps with non-uniform heights at the
bottom were placed in the curved spillway to improve these undesirable hydraulic phenomena.

Water 2018, 10, 1762; doi:10.3390/w10121762 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0001-7976-8423
http://www.mdpi.com/2073-4441/10/12/1762?type=check_update&version=1
http://dx.doi.org/10.3390/w10121762
http://www.mdpi.com/journal/water


Water 2018, 10, 1762 2 of 19

Although there are few practical engineering and research achievements in the inclusion of
steps in curved conduit flow, a considerable number of published works have been devoted to the
straight stepped spillway, which can provide a reliable reference for this study. A stepped spillway can
effectively dissipate energy and thus reduce the size of the stilling basin in the downstream area [2,3].
A hydraulic model experiment by Sorensen [4] suggested that the stepped spillway has a good energy
dissipation effect and that the flow from the crest to the part of the step can easily and smoothly
transition. Additionally, Shvainshtein [5] conducted a series of hydraulic model tests to estimate the
total energy loss from a stepped spillway and found that the energy dissipation rate was maximum
in a nappe flow regime and that the dissipation rate can reach 75% of the total in a skimming flow
regime. Furthermore, Christodoulou showed that in the skimming flow condition, the energy loss was
primarily dependent upon the ratio of the critical depth of flow passing over the spillway to the step
height, as well as on the steps’ number [6]. Moreover, Felder et al. studied a moderate slope stepped
spillway with non-uniform step heights (26.6◦); five stepped configurations in 0.7 < dc/h < 1.9
were tested, where dc is the critical water depth measured by the step edges and h is the vertical step
height. The results indicated that the energy dissipation rate of uniform and non-uniform step height
was basically the same [7]. Further studies of air entrainment and pressure and velocity fields were
conducted by Pegram et al. [8], Ostad et al. [9], Meireles et al. [10], and Zhang G et al. [11].

Numerical models are a good supplement to capture the characteristics of intricate flow,
and significantly decrease costs compared with physical experiments. Such models have been applied
to simulate the flow characteristics of a stepped spillway. For example, Chen et al. [12] presented a
three-dimensional (3D) calculation method for applications to the irregular boundaries of the stepped
spillway and to simulate the complex turbulence overflow. An unstructured grid was applied to
fit the boundaries and the overflow was simulated by the 3D k-ε turbulence model. Ye et al. [13]
adopted the volume-of-fluid (VOF) method to track the water surface, and the k-ε model to simulate
the 3D turbulent flow of an s-shaped stepped spillway. Tabbara et al. [14] also used the 3D k-ε
turbulence model to predict the main performance of the flow and found that the predicted water
surface profile and energy dissipation were in close agreement with experimental results. The hydraulic
characteristics of stepped spillways have also been simulated by other turbulence models. For instance,
Toro et al. [15,16] numerically modeled the non-aerated skimming flow over a stepped spillway using
the Detached Eddy Simulation (DES) model, and paid more attention to the 3D instantaneous velocity
and vorticity fields on the step cavities.

The purpose of this study was to experimentally and numerically analyze the energy dissipation
effect of non-uniform-height steps applied in a curved spillway, and to analyze the effect of ensuring
that the base plate is completely covered by water. The feasibility of the curved spillway with
non-uniform-height steps in engineering and the accuracy of the numerical model were verified by
a physical model experiment. More comprehensive hydraulic characteristics, such as the velocity
distribution in cross-section, the shape of the free surface, and the pressure distribution along the path,
were investigated through numerical simulation.

The experimental model and the non-uniform-height steps are introduced in the next section
(Section 2), followed by the numerical methodology (Section 3). In the numerical methodology section,
the reliability of the numerical model is verified by comparison with measured data. In the results
section (Section 4), the main flow region is presented and the 3D flow structure on the steps is analyzed
by velocity fields in different coordinate axes. The position where cavitation may occur is indicated
according to the pressure on the wall and the base plate of the step. The energy dissipation rate is also
given in the results section.
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2. Physical Model and Problem Description

2.1. Physical Model

The shore spillway was of a curved type due to topographic restrictions, as shown in Figure 1a.
The curved spillway of the prototype was composed of a control section, a constriction section,
a curved section, a chute rear section, and a stilling pool. The total length of the spillway was 212.74 m,
excluding the stilling basin, and the slope was 1:3.5. In the constriction section, the width of the
base plate narrowed from 14 to 10 m, with the constriction angle being 1.35◦. The radius of the
curved section was 150 m after projection to the horizontal plane, and the angle of curvature was
33.85◦. The width of the chute rear section was 10 m. The maximum discharge flow was 448 m3/s,
the maximum flow of the unit width was 44.8 m3/s, and the maximum head was 518.36 m.
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Figure 1. Diagram of a reservoir spillway. (a) Top view of smooth spillway; (b) top view of stepped
spillway; (c) side view of stepped spillway. “A” denotes step No. 9.

For the curved spillway with non-uniform step height, 28 steps were placed in the base plate,
as shown in Figure 1b,c. The origin of the Cartesian coordinate system was located at the weir crest,
and the x, y, and z axes were aligned in the cross-section direction, along the path, and in the water
depth direction, respectively. The design of the non-uniform-height steps, shown in Figure 2, meets
the following two requirements:

HL1 6= HL2 6= HR1 6= HR2 (1)

HL2 ≥ HL1 > HR2 ≥ HR1 (2)

where HL1 and HL2 are the bottom elevations of the concave bank steps, and HR1 and HR2 are the
bottom elevations of the convex bank steps.

The physical model was constructed to a length scale of 1:40; the overall arrangement is shown in
Figure 3. The experimental conditions for both spillways are shown in Table 1. The spillway of the
prototype was made of concrete and had a roughness of 0.014, so the corresponding model roughness
was 0.0076. To meet the roughness requirement, the physical model was made of plexiglass.
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Table 1. The conditions of the prototype and physical experimental model.

Prototype Physical Model

Index Water Level in
Upstream (m) Discharge (m3/s)

Water Level in
Upstream (m) Discharge (L/s)

Case 1 516.09 272.00 12.90 26.87
Case 2 517.00 348.08 12.92 34.40
Case 3 518.36 477.64 12.96 47.20

Notes: The physical model experiments obeyed the gravity (Froude) similarity law. The discharge sale was 10,119.29.

The physical model experiments were conducted at the State Key Laboratory of Hydraulics
and Mountain River Engineering, Chengdu, China. The results of the physical model at a discharge
rate of 272.0 m3/s of the prototype is presented in this study. The velocity was measured using a
propeller-type current meter and pitot tube, and the time-averaged pressure was measured using a
piezometer tube. The accuracy of the gauge used for measuring water depth was ±1 mm. The flow
visualizations were conducted with a digital video camera (Canon D800).

2.2. Problem Description

As a result of the inertial centrifugal force, the water surface elevation on the concave bank was
higher than that of the convex bank in bends of the curved spillway, as shown in Figure 4. Hd0 stands
for the water level of the convex bank. The difference in water level between the concave bank and
convex bank, ∆H, can be calculated by the Rozovskiı̆ equation (seen in Equation (1)) [17].
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IR =

(
1 +

g
κ2C2

)V2
cp

gR
(3)

where IR is the transverse gradient of the water surface at some point; g and κ = 0.5 denote the
gravity acceleration and von Karman constant, respectively; C represents the Chezy coefficient; Vcp is
the mean velocity in the vertical direction; and R is the radius of curve curvature.Water 2018, 10, x FOR PEER REVIEW  5 of 18 
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Figure 4. Water levels on the concave bank and convex bank.

In Equation (1), when the radius R is constant, the transverse gradient IR will increase with the
increase of velocity Vcp. If the velocity is large enough, IR will also become larger, and even extreme
hydraulic phenomena will occur for the conditions in Table 1. This phenomenon is that the water
level (Hd0 + ∆H) on the concave bank will be extremely high, while there is no water on the base plate
near the convex bank, as shown in Figure 5a. This phenomenon was also observed in the engineering
experiment of Wu et al. [18]. Additionally, the adverse water flows from the curved section into the
stilling basin, resulting in a lower water depth and unformed submerged hydraulic jump in the stilling
basin, as shown in Figure 5b.
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2.3. Effects of the Non-Uniform Steps

To improve these undesirable hydraulic phenomena, the steps with non-uniform height at the
bottom were placed on the curved spillway. The flow pattern of the curved spillway was greatly
improved, as shown in Figure 6. The difference in water level between the concave bank and the
convex bank, ∆H, decreased in the curved section, and the base plate near the convex bank was
covered with water, as shown in Figure 7a. The stable submerged hydraulic jump which formed in the
stilling basin was able to effectively dissipate energy, as shown in Figure 7b.
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The average water depths at different measuring points on the concave bank and convex bank of
the curved section at a flow discharge rate of 272.0 m3/s of the prototype are given in Table 2. For the
concave bank of the smooth spillway, the water level was obviously higher than that of the convex
bank, and the water level was extremely low (0.08 m) at an axial distance of 161.35 m, which was close
to the bad flow state without water covering the base plate. The non-uniform-height steps proposed in
this study were placed in the smooth spillway, which caused the difference in the transverse water level
on the cross-section to decrease obviously. The flow velocity distribution was more uniform, which
significantly improved the flow regime in the curved section. The cross-section velocity distribution of
the curved stepped spillway is given in Table 3.

Table 2. The average water depths of each measuring point at a flow discharge rate of 272.0 m3/s of
the prototype.

Smooth Spillway Curved Stepped Spillway

Axial Distance (m)
Water Level (m)

Axial Distance (m)
Water Level (m)

Concave Convex Concave Convex

103.66 1.44 1.28 103.16 1.12 1.80
126.73 2.40 0.52 124.16 1.60 2.60
149.81 5.32 0.16 145.16 1.80 2.40
161.35 5.92 0.08 166.16 2.60 2.20
194.97 3.60 0.40 192.41 2.20 2.60
206.51 1.60 0.92 208.16 2.00 2.80

Notes: The data in Table 2, obtained from the physical model experiment, were converted to the prototype based on
the similitude (Froude) principle.
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Table 3. The cross-sectional velocity distribution of the curved stepped spillway at a flow discharge
rate of 272.0 m3/s of the prototype.

Axial Distance (m)
Velocity Distribution (m/s)

Concave Middle Convex

103.16 16.57 16.63 16.70
124.16 16.76 18.97 16.95
145.16 17.14 17.77 15.68
166.16 19.04 18.09 15.18
192.41 19.61 15.81 14.29
208.16 16.57 16.63 16.70

3. Numerical Methodology and Model Validation

It is difficult to capture detailed information about complex flow using the physical model
experiment. To understand the hydraulic characteristics of the curved spillway more intuitively
and comprehensively, the numerical model was used to conduct further study. The reliability of the
numerical model was verified by comparison with the measured data.

3.1. Numerical Methodology

Water flow is an incompressible Newtonian fluid. The continuity equation and Unsteady
Reynolds-Averaged Navier–Stokes (URANS) equation system were adopted as the hydrodynamic model.

Continuity equation:
∂ui

∂xi
= 0 (4)

Momentum equation:

∂ui

∂t
+ uj

∂ui

∂xi
= − 1

ρ

∂p
∂xi

+
∂

∂xj

[
ν

∂ui

∂xj
− u′iu

′
j

]
(5)

where t is time, ρ is the density of water, the operation is time averaging, xi represents the different
axes of the Cartesian coordinate system, ui represents the mean velocity component in xi(i = 1, 2, 3)
coordinate, p and ν represent the mean pressure and the kinematic viscosity coefficient, respectively,
and u′iu

′
j denotes the Reynolds stresses, which have to be resolved to close the momentum equations.

The Reynolds stresses are solved by Boussinesq’s formula:

− uiuj = ντ

(
∂ui

∂xj
+

∂uj

∂xi

)
− 2

3
δijk (6)

where ντ and δij denote eddy viscosity and the Kronecker sign, respectively. The eddy viscosity is
given by the k-εmodel.

Turbulence kinetic energy, k, equation:

∂k
∂t

+ uj
∂k
∂xi

=
∂

∂xj

(
ντ

σk

∂k
∂xj

)
+ Pk − ε (7)

Energy dissipation, ε, equation:

∂ε

∂t
+ uj

∂ε

∂xi
=

∂

∂xj

(
ντ

σε

∂ε

∂xj

)
+ Cε1

ε

k
Pk −Cε2

ε2

k
(8)

In the above equations, Cε1 and Cε2 are different constants; Pk and the other details of the
turbulence k-εmodel are described by Rodi [19].
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The VOF method was used to track the free surface, as proposed by Hirt and Nichols [20], which
strictly complied with the mass conserving method. Cheng et al. [21] and Boes et al. [22] used the
VOF method to track the free surface of air–water two-phase flow over a stepped spillway. The VOF
method is performed by solving Equation (9):

∂F
∂t

+ ui
∂F
∂xi

= 0 (9)

where F is the average value in a cell volume fraction of water in the cell. A zero value of F corresponds
to a cell with no fluid, and a unit value indicates that the cell is full of water. A cell with an F value of
between zero and one must contain a portion of the free surface [23,24]. The isosurface of F = 0.55 is
defined as the free surface location.

The governing equations were discretized based on the finite volume method (FVM) and solved by
the semi-implicit method for pressure-inked equations consistent (SIMPLEC). The convection flux was
computed by the second-order windward and the temporal discretization scheme was second-order
implicit. The reconstruction of the free water surface adopted a geometry reconstruction method.

The inlet boundary that was located on the reservoir included the inlet of water and air.
The uniform flow velocity boundary was used as the water inlet. The uniform velocity was calculated
from the measured depth of the water on the weir crest and given the discharge. The pressure boundary
adopted all air boundary conditions and the water outlet boundary condition. A no-slip boundary
condition was applied at the sidewall and the base plate, respectively. The near-wall regions of the
flow were analyzed using standard wall function

The computational domain was initially filled with water at rest, and the water was then gradually
accelerated. The computations were continued until 500 s, with the time increment being 0.0016 s.
The specific simulation conditions on the weir crest and the water flow into the curved section
corresponding to the physical model of a flow rate of 272.0 m3/s are shown in Tables 4 and 5.
The simulated results at a flow rate of 272.0 m3/s that was converted to the prototype based on the
similitude principle are presented. The simulation of air–water flow in the curved spillway with
non-uniform-height steps was carried out using the ANSYS-FLUENT platform.

Table 4. The flow conditions of the physical model on the weir crest. Fr: Froude number.

Index Velocity on the Weir
Crest (m/s)

Water depth on the
Weir Crest (cm) Fr

Smooth 1.15 8.78 1.16
Stepped 1.15 8.78 1.16

Table 5. The conditions of flow into the curved section.

Index Velocity of Flow into the
Curved Section (m/s)

Water Depth of Flow into
the Curved Section (cm) Fr

Smooth 2.00 5.00 2.86
Stepped 2.00 5.00 2.86

3.2. Mesh Tests and Model Validation

To ensure the accuracy of the numerical model validation, the geometric model was established
with a length scale of 1:1 to the physical model. However, the results were nevertheless converted to
the prototype based on the similitude (Froude) principle.

For all the cases, the cells were meshed by a hexahedral grid, as shown in Figure 8. In the
turbulent boundary layer zone near the wall, the distance between the first grid node and the wall was
controlled by the dimensionless Y+, the values of which were obtained by Equation (10). The value of
this parameter is related to whether the grid density near the wall is appropriate. If the value is too
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large or too small, the computational accuracy of the flow field near the wall will be affected. Due to
the complexity of the model and the flow, this value was maintained at between 30 and 300 in this
study [25]. The over-dense grid is not conducive to the calculation in this project.

Y+ =
ρuτz0

ν
, 30 < Y+ < 300 (10)

where z0 is the distance between the first grid node and the wall, and uτ denotes friction velocity.
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Figure 8. Schematic of the grid: (a) in the weir crest; and (b) in the curved section of the smooth spillway.

The vertical velocity at position [x = 1.4, y = 0, z = −0.3] of the smooth spillway for three distances
z0 was used to test mesh independence, as shown in Figure 9. H stands for the wall height. As can be
seen from Figure 9, the velocity distribution in the region of Z/H ≤ 0.1 obeys a logarithmic law for
z0 = 3.5 and z0 = 5.0. The velocity in the region of Z/H > 0.1, which is filled with air or a portion of
water in a cell, is in accordance with the rule of the air–water interface given by Chanson et al. [26].
For z0 = 7.5, the distribution of velocity in Z/H ≤ 0.1 deviates from the logarithmic law. The relative
error of velocity at the first node between z0 = 3.5 and z0 = 5.0 is 3.62%. Thus, for the step and smooth
spillway, the distance z0 = 3.5 mm was adopted, and the numbers of total elements for the geometric
model were 867,240 and 731,455, respectively.
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Figure 9. The vertical velocity at position [x = 1.4, y = 0, z = −0.3] of the smooth spillway for z0 = 3.5,
z0 = 5.0, and z0 = 7.5.

Figure 10 shows the flow pattern on the weir crest of the smooth spillway and the curved
section measured by the experiment, and the numerically simulated shape of the free water surface.
The numerical simulation successfully captured the water wing formed at the pier, and the area
not covered by water on the base plate in the curved section was basically consistent with the
experimentally measured range. Therefore, the VOF method can successfully simulate the important
hydraulic characteristics of free water surface.
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Figure 10. The experimentally measured (left) and numerically simulated (right) flow regime. (a) and
(b) are located on the weir crest and (c,d) are located in the curved section.

The flow pattern from step No. 21 to step No. 24 is shown in Figure 11, which further verifies the
reliability of the flow characteristics of the curved spillway with non-uniform-height steps simulated
by the numerical model in this study. Figure 11a shows that the water flow on the steps presents the
skimming flow regime. The results of the numerical simulation clearly show that the free surface of the
flow is relatively smooth, and that air is entrained in the water on the steps. These flow characteristics
captured by the numerical model in this study are similar to our experimental results and those
described by Chanson et al., Tabbara et al. [27] and Chatila et al. [28] on the skimming flow.
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Figure 11. Flow pattern on the steps. (a) The experimental measurement results; and (b) numerical
results. VOF: volume-of-fluid.

Figure 12 shows the computed water level along the path compared to the corresponding
measured data. When the volume fraction of water (F) is 0.55, the water level on the concave bank and
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the convex bank calculated by the numerical simulation is in good agreement with the measured data.
Therefore, the VOF method can be used to accurately simulate the profile of the free surface, and the
isosurface of a water volume fraction (F) of 0.55 is taken as the profile of free surface [14].Water 2018, 10, x FOR PEER REVIEW  11 of 18 
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Figure 12. The water depth in the experimental measurement (exp) and numerical simulation (com).

Figure 13 gives a comparison of the flow velocity near the concave bank, the convex bank, and the
central axis on the cross-section as determined by numerical simulation and experiment. As can be
seen from Figure 13, under the influence of centrifugal force, the velocity on the concave bank is greater
than that on the convex bank, and the flow velocity calculated by numerical simulation is slightly
larger than that of the experimental measurement at this point. The maximum difference between
the velocity obtained in the numerical simulation and that obtained in the experiment is 8.5%, which
meets the requirement of engineering accuracy.
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Figure 13. The water flow velocity obtained by experimental measurement and numerical simulation.

In summary, the VOF model in conjunction with the Re-normalization group (RNG) k-ε turbulence
model can successfully simulate the flow and the profile of the free surface. The numerical model is
suitable for simulating the flow of the curved spillway with non-uniform-height steps.

4. Results and Discussion

4.1. Main Flow Region

The cross-sectional velocity distributions at the ends of steps Nos. 1, 17, 24, and 28 of the smooth
spillway and stepped spillway are shown in Figure 14. The position of the main flow region is analyzed
by the velocity distribution in these typical cross-sections.
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Figure 14. The cross-sectional velocity distributions at the ends of steps No. 1, 17, 24, and 28 of the
smooth spillway and step spillway. (a,c,e,g) are smooth spillways; and (b,d,f,h) are stepped spillways.

Figure 14a,b show the flow velocity distribution of step No. 1 for both spillways. The average
velocity of the stepped spillway is lower than that of the smooth spillway, which is due to the loss
part of the flow energy of the step. However, the flow velocity distribution in the main flow region is
relatively uniform.

The cross-section velocity of step No. 17 after the flow into the curved section is shown in
Figure 14c,d. Reinauer et al. [29] theoretically and experimentally studied the influence of the approach
Froude number (Fr) on the maximum standing wave heights. For moderate and large Froude numbers
(Fr = 4 and 6), the uneven distribution separate bend flow on the cross-section resulted in extremely
high-water levels. These hydraulic phenomena were only observed in Figure 14c, in which the severe
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situation of the base plate of the convex bank not having water cover occurred, while the water flow
was completely concentrated on the concave bank, making the water level extremely high. When the
non-uniform-height steps were arranged on the smooth spillway, the flow velocity in the main flow
region and the water level on both sides were more uniform, which improved the bad flow pattern in
the smooth spillway, as seen in Figure 14d.

The velocity at step No. 24, shown in Figure 14e,f, is located where the water flows out of
the curved section and into the chute rear section. The base plate of the smooth spillway was still
completely uncovered by water, and the main flow region deviated seriously to the concave bank.
However, after the non-uniform-height step was arranged, the main flow region was evenly distributed.

Step No. 28 is the last step and is the section where the water flows into the stilling basin.
The velocity distribution in this section is shown in Figure 14g,h. As can be seen from Figure 14g,h,
the water velocity in the smooth spillway into the stilling basin was very large, reaching about 30 m/s.
However, the maximum flow velocity of the curved stepped spillway reached 18 m/s. Therefore,
the flow velocity along the path decreased significantly. Additionally, the water level of the curved
stepped spillway (2.0 m) was significantly higher than that of the smooth spillway (1.0 m), indicating
that the water depth in the stilling basin was increased.

Through the analysis of the main flow region, it was found that the base plate was no
longer uncovered by water, and the velocity along the path was significantly reduced after the
non-uniform-height steps were placed in the curved spillway. The flow pattern of the water flowing
into the stilling basin was improved.

4.2. Flow Pattern on a Step

The velocity fields at step No. 17 are presented in Figure 15 in order to demonstrate the water
flow pattern on the steps. The flow patterns on the other steps are all similar.

The velocity fields in the convex bank, the central axis, and the concave bank are shown in
Figure 15a–c. The water flowed down the stepped face, formed a coherent stream that skimmed over
the steps and was cushioned by the recirculating fluid trapped between them, and the flow pattern
was skimming flow. This is consistent with the description of the air–water phase flow on a stepped
spillway by Rajaratnam and Chamani [30,31]. A wide and stable vortex region was formed in the
triangular area between the back wall of the step and the base plate. The flow in this vortex area was
more disordered, which enhanced the momentum exchange and energy loss. The air was entrained in
the water flow in the vortex area of the concave bank. Additionally, the flow velocity on the concave
bank of the step was significantly higher than that on the convex bank, and the flow velocity gradually
increased from the convex bank to the concave bank.

Figure 15d,e describes the velocity vector distribution of the back wall and the base plate of the
step. The flow velocity near the back wall and the base plate was low. The upward flow from the
bottom of the water body to the free surface was formed on the back wall. The transverse flow from
the concave bank to the convex bank was formed on the base plate, which was caused by the base plate
of the concave bank elevated. When the transverse flow was deflected by the convex bank, a stable
lateral recirculation zone was formed near to the bank, as shown in Figure 15f.

The results of the velocity field analysis show that the flow pattern was skimming flow, and two
stable recirculation zones existed along the path and the transverse. Due to the existence of the
recirculation zones, a 3D energy dissipation region on the step was formed, which enhanced the
energy dissipation.
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4.3. Cavitation Characteristics

Compared with the smooth spillway, the stepped spillway is less prone to cavitation damage.
However, for skimming flow on the stepped spillway, a high-intensity shear layer is formed along
the connecting consecutive step tips. The flow structure within this shear layer supports cavitation
formation along secondary flow features. Iyer et al. [32] and O’Hern [33] studied the development and
inception of cavitation in this shear layer experimentally. The above velocity fields indicate that the
flow pattern in this study is exactly the skimming flow, and an obvious secondary flow existed on the
steps. Therefore, cavitation characteristics of the step must be considered.
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Brennen [34] explained in detail the mechanism of cavitation—that is, when the pressure in a
local region falls suddenly below the vaporization pressure corresponding to the water temperature in
the region, part of the flow starts to vaporize to form a gas phase. Cavitation occurs when these gases
escape. Frizell et al. [35] give the cavitation index σ related to the pressure in Equation (11):

σ =
(Pb − Pv)

1
2ρV2 (11)

where Pb is absolute pressure, Pv is vapor pressure, ρ is the water density, and V is mean velocity.
According to Equation (11), the pressure distribution can preliminarily predict the position and

probability of cavitation damage. Chen et al. [36] simulated the pressure distribution on the stepped
spillway, which was basically consistent with the data measured by experiment.

Whether or not cavitation may occur in the stepped spillway is determined by Equation (12):

σ > σi, Cavitation
σ < σi, Possible Cavitation

(12)

where σi = 0.32 is incipient cavitation index.
The pressure isolines on step No. 17 are shown in Figure 16, and the pressure distribution on other

steps is similar. The triangle region near to the concave bank on the base plate had negative pressure,
as shown in Figure 16a. This region had a small range, and the maximum negative pressure value in
the region reached 34 kPa. The negative pressure in this region was caused by the fully developed
and stable secondary flow, which is consistent with the experimental results of Juny et al. [37] and
Sanchez-Juny et al. [38].
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Figure 11b, c respectively show the pressure distribution in the concave bank and the central axis.
The negative pressure decreases gradually from the concave bank (34 kPa) to the central axis (6.3 kPa).
The pressure is positive from the central axis to the convex bank, and is always positive in the convex
bank, as shown in Figure 16d.

The negative pressure zone was more likely to induce cavitation according to Equations (11) and
(12). Therefore, after the non-uniform-height steps are arranged on the curved spillway, an aeration
device should be set in front of the steps to avoid cavitation.

4.4. Energy Loss

The proposed steps with non-uniform heights not only improve the flow state in the curved
spillway, but also need to dissipate the energy along the path as much as possible, thus reducing
the size of the stilling basin in the downstream. Different flow states correspond to different energy
loss estimation methods. Sorensen [4] and Rajaratnam et al. [30] defined three patterns: (1) isolated
roughness flow; (2) wake interference flow; and (3) skimming or quasi-smooth flow. The flow pattern
on the step in this study is skimming flow. The energy loss of skimming flow was estimated using the
method proposed by Ohtsu et al. [39].

The energy E of the curved stepped spillway is:

E = h0 +
V2

0
2g

(13)

where h0 is the water depth at the toe of the stepped curved spillway and V0 is the mean velocity.
The results of Shvainshtein [5] indicate that total energy losses within a stepped spillway can be
considered by the mean velocity.

The energy E′ of the smooth curved spillway is:

E′ = h′0 +
V′0

2

2g
(14)

where h′0 and V′0 are the corresponding water depth and mean velocity at the toe of the smooth curved
spillway, respectively.

The relative energy loss ∆E/E′ is defined by Equation (15):

∆E
E′

=
E′ − E

E′
=

E− E′

E
. (15)

In Equations (13) and (14), the water depth and mean velocity are both numerical values on the
cross-section of step No. 28, and the water flows out from the end of step No. 28 directly into the
stilling basin.

The relative energy losses are given in Table 6. The energy loss of the stepped spillway is about
44% more than that of the smooth spillway. From the above discussion, the stable vortex formed
by shear stress dissipated part of the energy, which is the main form of energy loss. For the curved
spillway with the step with non-uniform heights at the bottom, a 3D energy dissipation area was
formed due to the transverse velocity, and the flow was sufficiently turbulent to enhance the energy
loss along the path.

Table 6. Relative energy loss of the curved spillway.

Case Water Depth (h0)
(m)

Mean Velocity (V0)
(m/s)

Energy (E)
(m)

Relative Energy
Loss (∆E/E

′
)

Smooth curved spillway 1.25 27.4 39.51 0.66
Stepped curved spillway 2.0 15.0 13.47 1.93
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5. Conclusions

The reservoir’s shore spillway must be arranged in a curved shape due to the restriction of
topography. The flow in this spillway, from the weir crest to the spillway, has a high velocity, a low
water depth, and has the characteristics of a curved flow. The water depth in the cross-section was not
evenly distributed due to centrifugal force in the curved section, the concave bank was usually larger
than the convex bank, and some areas on the base plate were not covered by water. The step with
non-uniform heights at the bottom proposed in this study was placed in the smooth curved spillway
of this reservoir to improve the flow characteristics. The position of a main flow region, the velocity
field and pressure distribution, and the energy loss rate of steps were studied by experiments and
numerical simulation.

The non-uniform-height step, which was elevated at the bottom of the concave bank, effectively
balanced the partial centrifugal force in the curved section and significantly improved the position of
the main flow region. The water flow along the cross-section direction was more uniform, and the
adverse water flow phenomenon of the base plate not being covered by water was eliminated
completely. Additionally, the maximum velocity of water flowing into the stilling basin decreased
from 30 to 18 m/s, and the average water depth increased from 1 to 2 m, which significantly improved
the flow regime of water flowing into the stilling basin.

The flow pattern on the steps presented a skimming flow. The water flowed down the stepped
face and formed a coherent stream that skimmed over the steps and a stable and fully developed vortex
region (secondary recirculation flow region) along the connecting step tips. Owing to the different
elevation of the base plate, the water flow from the concave bank to the convex bank also formed a
transverse flow, which constituted a 3D energy dissipation region. Comparing the relative energy loss
of the stepped spillway with that of the smooth spillway, the energy loss of the stepped spillway was
greater by 66%. Therefore, the steps effectively dissipated parts of the energy.

The triangular region near to the concave bank on the base plate had negative pressure, which
easily led to cavitation. It is therefore necessary to examine the placement of an aeration device.
Additionally, this study only verified the feasibility of this type of step in the project through the case,
and the detailed design method was not given, which can be further improved upon in future work.
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