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Abstract: A numerical study is conducted for converging stepped spillways with various spillway
slopes, sidewall convergence and flow discharges to understand the influences of converging side-
walls on skimming flows. Compared with the traditional uniform-width stepped spillway, the
converging sidewall changes the skimming flow features by generating standing waves on the free-
surface, curving the mainstream streamlines and squeezing and distorting the bottom rotations. For
free-surface, mainstream and bottom rotations, the width of disturbed regions by the converging
sidewall varies, with that for bottom rotations being 1.5 times that for mainstream and 3 times that
for free-surface. The variation rules of disturbed region widths along the spillway are obtained, and
the maximum widths increase as the convergence angle and incoming flow discharge increase, and
the spillway slope decreases. Three equations are established for predicting the maximum widths
of disturbed regions for free-surface, mainstream and bottom rotations of skimming flow. Since the
disturbed region of skimming flow generated by the converging sidewall is characterized by strong
standing waves, high flow velocity and low air concentration, appropriate engineering measurements
should be taken for the disturbed region to meet the challenges to overtopping, energy dissipation
and cavitation control.

Keywords: bottom rotations; converging sidewall; disturbed region; free-surface; mainstream; stand-
ing wave; stepped spillway

1. Introduction

Stepped spillways are spillways with successive steps on the spillway chute. These
steps create bottom rotations beneath descending water, which help with energy dissipation
and eliminate the need for further energy dissipators downstream. Simultaneously, the
flow turbulence created by the steps improves free-surface air–water transfer, reducing the
possibility of cavitation.

The stepped spillways are generally uniform in width along the flow channel. With in-
creasing discharge, three distinct flow regimes of nappe, transition and skimming have been
found, and their flow performances, energy dissipation efficiencies, pressure characteristics
and air–water flow properties have been thoroughly investigated [1–10].

Another type of stepped spillway includes converging sidewalls that cause the chute
width to decrease continually throughout the flow path. These converging stepped spill-
ways can accommodate some unique geological and topographical limits while also im-
proving discharge capacity. The hydraulic performance of the air–water flow over the
steps is affected and complicated by sidewall convergence in converging stepped spill-
ways. One typical flow phenomenon occurring on the converging stepped spillways is
the creation of standing waves near the sidewalls, especially during the skimming flow
regime [11–15]. Hunt et al. [13] experimentally measured the depth of standing waves over
a converging stepped spillway with a mild bottom slope of θ = 18.4◦ and found when the
sidewall convergence angle Φ = 15◦, 30◦ and 52◦, the maximum standing wave depth can
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reach 1.0hc, 1.75hc and 3.0hc, respectively. Herein, hc = (q2/g)1/3 represents the critical flow
depth at the spillway entrance, q represents the unit discharge at the spillway entrance,
and g = 9.81 m·s−2 is the gravity constant. As comparison, the flow depth of the region
further away from the converging sidewalls should be smaller than hc because the flow
pattern is supercritical with a Froude number Fr > 1. Prafull et al. [14] experimentally
found that under a steep slope of θ = 45◦, the maximum flow depth near the converging
sidewall ranges from 2.35hc to 5.55hc, which is significantly higher than the values reported
by Hunt et al. [13] under the milder slope (θ = 18.4◦). Zindovic et al. [15] experimentally
studied hydraulic characteristics within the standing waves of skimming flows over a
converging stepped spillway of θ = 48.3◦. They considered the standing wave to be the
disturbed region by the sidewall, while the region outside the standing wave to be the
undisturbed region, which has the same hydraulic characteristics as the flow over the
stepped spillway with uniform-width; they found that the disturbed region has higher
flow velocity and lower air concentration than the undisturbed region, and the width of
the disturbed region increases with increasing convergence angle.

For the differences between the converging and uniform-width stepped spillways,
the recent studies mainly focused on the features and width of standing waves above the
free-surface [16–18]. The impact of converging sidewalls on the mainstream and bottom
rotations of the skimming flow, on the other hand, is rarely explored. To the best of our
understanding, whether the regions of the mainstream and the bottom rotations disturbed
by the converging sidewall have the same widths as the standing wave still remains unclear.
The disturbed widths of the converging sidewall for the mainstream and bottom rotations
should vary depending on the incoming flow discharge and the geometry parameters of
the converging stepped spillway, although no research or knowledge exists.

The purpose of this paper is to reveal how the converging sidewall affects the free-
surface, mainstream and bottom rotations of the skimming flow and to explore the differ-
ences in width for the disturbed free-surface, mainstream and bottom rotations. Because the
skimming flow over the converging stepped spillway is three-dimensional and its bottom
rotations are difficult to visualize in experiments, numerical simulation is used in this
study. On each step of the stepped spillways, the disturbed free-surface, mainstream, and
bottom rotations by converging sidewalls are visualized, and their widths are measured
and analyzed. The impacts of unit discharge at the spillway entry q, the spillway slope θ,
and the sidewall convergence angle Φ are taken into account, and their relationships with
the disturbed region widths are established to provide references for engineering design,
construction and operation.

2. Materials and Methods

In this paper, the computational fluid dynamics (CFD) software Fluent was performed
to solve the Reynolds-averaged Navier–Stokes (RANS) equations given below:
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where t is the time, ui and uj are time-averaged components of velocity, p is the pressure, ρ
is the fluid density, µ is the dynamic viscosity, δij is the Kronecker delta (δij = 1 if i = j and

δij = 0 if i 6= j), and
(
−ρu′ iu′ j

)
is the Reynolds stress and represents the effect of turbulence.

The volume of fluid (VOF) method was used to characterize the interface between air and
water. In each computational cell, the sum of the volume fractions of air, αa, and water, αw,
is unity and can be given as:

αw + αa = 1 (3)

where both αa and αw are equal to or larger than 0.
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The skimming flow over converging stepped spillways has a high Reynolds number
and is characterized by strong streamline curvature and distorted bottom rotations. The
velocity and turbulent energy of the standing wave and the mainstream are high, and
there is strong shear stress between the mainstream and bottom rotations. The realizable
k-ε model is a high Reynolds model, and it can well capture the mean flow of complex
structures and is good for flows involving rotation, boundary layers under strong adverse
pressure gradients, separation and recirculation, according to Fluent User’s Guide [19].
Therefore, the realizable k-ε model is adopted in this study. Qian et al. [20] compared four
turbulence models (i.e., realizable k-ε model, SST k-ε model, ν2-ƒ model and LES model) and
considered the realizable k-ε model as the most efficient in simulating skimming flows over
stepped spillways. The realizable k-ε model was also successfully applied to simulating
the skimming flow over a V-shaped stepped spillway by Bai et al. [21] and the stepped
spillway with chamfers and cavity blockages by Li et al. [22].

The software Gambit was used for geometric modeling and meshing. Figure 1 illus-
trates the computational domain, which includes an inlet basin, a stepped spillway model
and an outlet channel. The inlet basin is 2000 mm long and 355 mm deep to ensure that
the incoming flow to the stepped spillway is stable. The outlet channel is 2000 mm long,
allowing for uniform unrestricted drainage. The sidewall is 300 mm above the spillway and
channel bottom to avoid overflow. Because converging stepped spillways are symmetrical,
only half of the geometry was simulated, and the symmetry boundary (marked yellow) was
set at the central plane. The upstream boundary of the inlet basin and the downstream
boundary of the outlet channel were determined as the mass flow inlet (marked green) and
pressure outlet (marked blue) boundaries, respectively. The top boundary of the stepped
spillway model was defined as the pressure outlet (marked dark blue) boundary with zero
relative pressure, and all the solid geometry surface was set as the no-slip wall boundary
with standard wall functions.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 14 
 

 
Figure 1. Computational domain, boundary conditions and mesh distribution of converging 
stepped spillway, inlet basin and outlet channel (with θ = 48.3°, B = 22.5 mm and Φ = 22.6° as an 
example). 

Table 1. Tested cases. 

Cases 
No. 

Initial 
Width Wi 

(mm) 

Step 
Height B 

(mm) 

Spillway 
Slope θ (°) 

Step Num-
ber N (-) 

Inlet Critical 
Flow Depth 

hc/B (-) 

Convergence 
Angle Φ (°) 

1–12 1000 22.5 48.3 65 
3.36 
3.69 
4.02 

0 
12 

18.8 
22.6 

13–21 1500 60 30 30 
3.36 
3.69 
4.02 

0 
12 

18.8 

22–33 1500 30 11.3 15 
3.36 
3.69 
4.02 

0 
12 

18.8 
22.6 

To verify the accuracy of the whole numerical procedure, an additional case of the 
skimming flow over a stepped spillway was created according to the experiment of Hunt 
et al. [23] with Wi = 1800 mm, B = 38 mm, θ = 14.04°, N = 40, Φ = 0° and hc/B = 3.53. This 
simulation was repeated using Grid sets 1 to 3 for a grid sensitivity analysis. All grid sets 
are intensive close to the steps and the converging sidewalls. Grid sets 1 to 3 feature total 
grid numbers of 1.25, 2.50 and 5.00 million, respectively, with the cell sizes near the steps 
of 3.3 mm × 3.3 mm, 2.2 mm × 2.2 mm and 1.5 mm × 1.5 mm, respectively. 

Figure 2 compares the computed velocity profiles of V along flow depth h on the edge 
of several steps and the experiment data from Hunt et al. [23]. The velocity profiles of Grid 
set 2 and 3 were found to be indistinguishable and to correlate well with experimental 

Figure 1. Computational domain, boundary conditions and mesh distribution of converging stepped
spillway, inlet basin and outlet channel (with θ = 48.3◦, B = 22.5 mm and Φ = 22.6◦ as an example).

As the bottom slope θ is an important geometry parameter of stepped spillways and
should influence the skimming flow, three stepped spillway models with θ = 11.3◦, 30.0◦

and 48.3◦ were designed and tested, and they were connected to the inlet basin with a
WES profile. The mild slope model of θ = 11.3◦ was designed based on an undergoing
drainage project in Shanghai according to Froude similarity with the scale of 1:33, the width
of the spillway entrance Wi = 1500 mm, the total step number N = 15 and the step height
B = 30.0 mm. For the moderate slope model, the dimensions were θ = 30.0◦, Wi = 1500 mm,
N = 30 and B = 60.0 mm. The steep slope model of θ = 48.3◦ was designed according to
the experimental model of converging stepped spillway studied by Zindovic et al. [15]
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with Wi = 1000 mm, N = 65 and B = 22.5 mm. Four sidewall convergence angles of Φ = 0◦,
12◦, 18.8◦ and 22.6◦, as well as three dimensionless inlet critical flow depths of hc/B = 3.36,
3.69 and 4.02 were investigated for each stepped spillway model. The Weber number We
ranged from 51 to 173 and the Reynold number Re ranged from 6.5 × 104 to 1.23 × 106 at
the spillway outlet. Table 1 summarizes the detailed parameters of the total 33 cases that
were tested. Because the converging sidewall limits the total length of the spillway and the
milder spillway has a longer step length than the steeper spillway, the total step number N
decreases as the spillway slope θ increases.

Table 1. Tested cases.

Cases No.
Initial

Width Wi
(mm)

Step Height
B (mm)

Spillway
Slope θ (◦)

Step
Number N

(-)

Inlet Critical
Flow Depth

hc/B (-)
Convergence
Angle Φ (◦)

1–12 1000 22.5 48.3 65
3.36
3.69
4.02

0
12

18.8
22.6

13–21 1500 60 30 30
3.36
3.69
4.02

0
12

18.8

22–33 1500 30 11.3 15
3.36
3.69
4.02

0
12

18.8
22.6

To verify the accuracy of the whole numerical procedure, an additional case of
the skimming flow over a stepped spillway was created according to the experiment
of Hunt et al. [23] with Wi = 1800 mm, B = 38 mm, θ = 14.04◦, N = 40, Φ = 0◦ and hc/B = 3.53.
This simulation was repeated using Grid sets 1 to 3 for a grid sensitivity analysis. All grid
sets are intensive close to the steps and the converging sidewalls. Grid sets 1 to 3 feature
total grid numbers of 1.25, 2.50 and 5.00 million, respectively, with the cell sizes near the
steps of 3.3 mm × 3.3 mm, 2.2 mm × 2.2 mm and 1.5 mm × 1.5 mm, respectively.

Figure 2 compares the computed velocity profiles of V along flow depth h on the edge
of several steps and the experiment data from Hunt et al. [23]. The velocity profiles of Grid
set 2 and 3 were found to be indistinguishable and to correlate well with experimental
measurements on steps of n = 3, 6 and 12, demonstrating the viability of the existing
numerical model in simulating the skimming flow over stepped spillways. Grid creation
for the scenarios indicated in Table 1 was referred to Grid set 2 in terms of calculation
precision and efficiency.
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3. Results
3.1. Flow Pattern

Figure 3 shows the typical skimming flow pattern of the converging stepped spill-
way, including the free-surface (air concentration C = 0.9), streamlines in the mainstream
(originating at the half flow depth at the spillway entry) and the bottom rotations between
the mainstream and the step surface. For the free-surface, the standing wave is generated
since the water depth along the converging walls rapidly increases. For the mainstream,
the streamlines close to the sidewall are practically parallel to the sidewall, and their direc-
tion quickly changes as they move away from the sidewall, eventually becoming parallel
to the central plane. The bottom rotations exhibit a 2-dimensional profile at the central
plane, which is remarkably similar to the rotation structure seen on uniform-width stepped
spillways [24]. The bottom rotations lengthen as they move away from the central plane,
forming a cone shape with the sharp apex facing the sidewall. The bottom rotations become
entirely deformed and exceedingly chaotic 3-dimensional profiles as they move closer to
the sidewall.
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Figure 3. Typical skimming flow pattern of the converging stepped spillway with θ = 48.3◦,
B = 22.5 mm, hc/B = 3.36 and Φ = 22.6◦. Blue surface: free-surface; red lines: mainstream; green and
blue rotating lines: bottom rotations.

Figure 4a depicts the top view of the skimming flow through the converging stepped
spillway, and the free-surface color is coded by the flow depth h perpendicular to the
pseudo bottom (i.e., the line linking the step edges). Because of the increased flow velocity,
the flow depth along the central plane falls throughout the spillway, and the flow pattern is
similar to that of stepped spillways with uniform-width. The standing wave begins at the
first step and continues to the spillway outlet, with the standing wave’s height gradually
increasing along the spillway. Figure 4b shows the cross sections of standing wave on
the edge of various steps, and the cross section color is coded by the air concentration C.
The water depth grows slowly at first, then rapidly, and eventually gently as the distance
to the converging walls decreases. The place with the highest growing rate of water
depth can be considered the standing wave’s boundary. Due to the increase of the unit
discharge along the spillway and the squeezing of the sidewall, the standing wave generally
rises taller and wider. A vortex is created from the free-surface near the standing wave
boundary during steps 20 to 35, and it enters the standing wave and advances toward the
sidewall as n increases. The vortex causes air entrainment and leads to a relatively high
aeration region in the standing wave, which is supported by the experimental observation
of Zindovic et al. [15] on the converging stepped spillway.
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Figure 4. Standing wave above free-surface of skimming flow along the converging stepped spillway
with θ = 48.3◦, B = 22.5 mm, hc/B = 3.36 and Φ = 22.6◦: (a) top view, the color is coded by the flow
depth h perpendicular to the pseudo bottom; (b) cross sections on the edge of several steps, the color
is coded by the air concentration C.

Figure 5 compares the streamlines of the mainstream over the converging stepped
spillway and the stepped spillway with uniform-width. For the uniform-width stepped
spillway, all streamlines are parallel to the central plane, while for the converging stepped
spillway, the streamlines near the converging sidewall are roughly parallel to the sidewall
and have considerable angles with the central plane. As the distance from the sidewall
increases, the streamlines gradually shift from parallel with the sidewall to parallel with
the central plane.
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Figure 5. Streamlines of mainstream over: (a) converging stepped spillway; (b) uniform-width
stepped spillway with θ = 48.3◦, B = 22.5 mm, hc/B = 3.36 and Φ = 22.6◦; (c) streamlines within
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Figure 6 compares the bottom rotations above the uniform-width stepped spillway
(Figure 6a) and the converging stepped spillway (Figure 6b). Most of the bottom rotations
in the uniform-width stepped spillway exhibit 2-dimensional properties such as a rotating
disc parallel to the central plane and are not stretched in the width direction of the spillway.
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Kaouachi et al. [24] obtained similar bottom rotations when simulating the skimming flow
over uniform-width stepped spillways. The bottom rotations along the central plane in the
converging stepped spillway are similarly 2-dimensional (Figure 6c). In the spillway width
direction, the 2-dimensional bottom rotations stretch into cone-shapes as the distance to the
central plane increases (Figure 6d). The streamlines of the 2-dimensional and cone-shape
bottom rotations are mostly parallel to the central plane. The bottom rotations become
more chaotic as the distance between them and the converging walls further decreases
(Figure 6e). The bottom rotations are squashed along the converging walls, and the angles
between their streamlines and the central plane are visible.
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Figure 6. Bottom rotations above the: (a) uniform-width stepped spillway; (b) converging stepped
spillway with θ = 48.3◦, B = 22.5 mm, hc/B = 3.36 and Φ = 22.6◦. Different shapes of bottom rotation:
(c) 2-dimensional rotations; (d) cone-shape rotations; (e) chaotic-shape rotations; (f) definition of
disturbed region boundary for bottom rotations.

3.2. Widths of Disturbed Regions for Free-Surface, Mainstream and Bottom Rotations

Because the converging sidewall has various effects on the free-surface, mainstream
and bottom rotations of the skimming flow, the disturbed regions for free-surface, main-
stream, and bottom rotations should be different as well. The boundary of the disturbed
regions by converging sidewall are defined as follows for quantitative analysis and compar-
ison. The disturbed region boundary for the free-surface is where the water depth increases
at the fastest rate in the width direction (see Figure 4b). The disturbed region boundary
for the mainstream is when the streamlines begin to run parallel to the central plane (see
Figure 5c,d). The disturbed region boundary for bottom rotations is defined as the point
at which the streamline of bottom rotations with a distance of (0.5Btan θ) from the step
vertical face is exactly parallel to the converging sidewall (see Figure 6f). Based on these
definitions, the widths of the disturbed regions for free-surface, mainstream and bottom
rotations are represented by Wf, Wm and Wb in Figures 4–6, respectively. The disturbed
region width increases from free-surface to mainstream to bottom rotations, implying that
Wf < Wm < Wb persists at all times.

Figure 7 shows the dimensionless disturbed region width of Wf/hc for free-surface
varying along the spillway. In general, with increasing step number n, Wf/hc climbs fast and
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reaches its maximum within the first half of the spillway; then, it remains almost constant
or begins to fall as the spillway approaches its exit. In scenarios with steep spillway slope
and big convergence angle (θ = 48.3◦ and Φ = 22.6◦), Wf/hc grows continually along the
spillway and reaches a maximum at the spillway exit. Wf/hc is observed to be higher
when the spillway slope θ is milder and the convergence angle Φ is larger. Wf/hc increases
somewhat as hc/B decreases, indicating that hc/B has a limited effect on Wf/hc.
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Figure 8 shows the dimensionless disturbed region width of Wm/hc for mainstream.
For all cases, Wm/hc increases constantly with increasing n and reaches its maximum at
the spillway outflow. With decreasing spillway slope θ and dimensionless critical flow
depth hc/B as well as rising convergence angle Φ, the maximum Wm/hc increases. For
the mild and moderate spillways with θ = 11.3◦ and 30.0◦, the growing rate of Wm/hc is
large when close to the spillway entrance and gradually reduces with increasing n. For
the steep spillways with θ = 48.3◦, the increasing rate of Wm/hc is small when n ≤ 30, but
grows significantly further downstream. The reason for the different increasing rate of
Wm/hc is that the spread of the sidewall disturbance in the spillway width direction is
related and limited by the inertial force of flow that increases with flow velocity, while
it is promoted by the vortex generated from the free-surface by the sidewall squeezing
(shown in Figure 4b). For the mild and moderate spillways with θ = 11.3◦ and 30.0◦, the
flow velocity and inertial force are minimal when close to the spillway entry and gradually
rise with increasing n, which is opposed to the growing rate of Wm/hc. The flow velocity
and inertial force are substantial across the spillway with θ = 48.3◦, and the vortex created
by the sidewall accelerates the propagation of the sidewall disturbance when n ≥ 30.
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Figure 9 shows the dimensionless disturbed region width of Wb/hc for bottom ro-
tations. Wb/hc dramatically increases with n in the first half of the spillway and quickly
reaches its maximum. Further downstream, Wb/hc nearly remains constant for θ = 48.3◦,
whereas it slightly falls after reaching the maximum for θ = 11.3 and 30.0◦. The maximum
of Wb/hc increases with decreasing spillway slope θ and dimensionless critical flow depth
hc/B as well as increasing convergence angle Φ.
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3.3. Maximum Disturbed Region Width

Figure 10 illustrates the maximum disturbed region widths of max(Wf/hc), max(Wm/hc)
and max(Wb/hc) for free-surface, mainstream and bottom rotations. There is always
max(Wb/hc) > max(Wm/hc) > max(Wf/hc). With increasing convergence angle Φ, max(Wb/hc),
max(Wm/hc) and max(Wf/hc) all rise, with max(Wb/hc) and max(Wf/hc) having the biggest
and smallest growing rates, respectively; max(Wb/hc), max(Wm/hc) and max(Wf/hc) also
increase with the decrease of θ and the increase of hc/B.
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A basic form of regression equations for predicting the maximum dimensionless
disturbed region widths for free-surface, mainstream and bottom rotations is proposed by
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studying the influence of the dimensionless critical flow depth hc/B, the spillway slope θ,
and the convergence angle Φ:

max
(

W f /hc

)
, max(Wm/hc), max(Wb/hc) = D× (tan φ)E ×

(
hc

B

)F
× (tan θ)G (4)

where D, E, F and G are coefficients to be determined.
By substituting all the experimental data of Figure 10 into Equation (4), we can

anticipate max(Wf/hc), max(Wm/hc) and max(Wb/hc) by the following equations

max
(

W f /hc

)
= 2.974× (tan φ)0.3 ×

(
hc

B

)−0.5
× (tan θ)−0.5, COD

(
R2
)
= 0.948 (5)

max(Wm/hc) = 6.361× (tan φ)0.3 ×
(

hc

B

)−0.5
× (tan θ)−0.5, COD

(
R2
)
= 0.851 (6)

max(Wb/hc) = 10.867× (tan φ)0.3 ×
(

hc

B

)−0.5
× (tan θ)−0.5, COD

(
R2
)
= 0.878 (7)

For Equations (5)–(7), the coefficients of E, F and G can be constant for free-surface,
mainstream and bottom rotations; max(Wb/hc) is almost 1.5 times as large as max(Wm/hc)
and 3 times as large as max(Wf/hc) based on the variations in the coefficient D between
Equations (5)–(7). Figure 11 compares the experimental data of max(Wf/hc), max(Wm/hc)
and max(Wb/hc) with their predicted value by Equations (5)–(7), and all the data plot within
the error deviation boundaries of ±25%. The prediction performances of Equations (5)–(7)
were evaluated by the mean relative deviation (MRD).

MRD =
1
i ∑

i

|predicted value− experimental data|
experimental data

(8)

It is found that MRD are 9.6%, 11% and 13.1% for max(Wf/hc), max(Wm/hc) and
max(Wb/hc), respectively, demonstrating the predicting accuracy of Equations (5)–(7).
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4. Conclusions and Outlook

The skimming flow over the converging stepped spillway is investigated in this
research using a numerical simulation. The results reveal that the converging sidewall has
considerable impact on the free-surface, mainstream and bottom rotations. For the free-
surface, the standing wave is formed from the first step, and a vortex zone is seen within
the standing wave, causing air entrainment and a relatively high aeration region. For the
mainstream, the streamlines near the converging sidewall are almost parallel to the sidewall,
and as the distance from the sidewall rises, they gradually move to parallel with the central
plane. For the bottom rotations, 2-dimensional rotations, cone-shape rotations and chaotic
rotations are observed in turn with decreasing distance to the converging sidewall. The
streamlines of 2-dimensional rotation and cone-shape rotation are nearly parallel to the
central plane. Near the converging sidewall, the bottom rotations are squeezed, and the
angles between the rotation streamlines and the central plane are visible.

The widths of the disturbed regions for free-surface, mainstream and bottom rotations
are defined, obtained and compared. For the free-surface, the dimensionless disturbed
region width Wf/hc increases to the maximum and then slightly decreases along the
spillway. The increasing rate and maximum of Wf/hc increase with increasing convergence
angle Φ and decreasing spillway slope θ. When the critical flow depth hc/B increases, the
maximum of Wf/hc increases, and the maximum point travels to the spillway upstream.
For the mainstream, Wm/hc continues to increase along the spillway, peaking on the last
step. The maximum of Wm/hc increases with increasing of Φ and decreasing hc/B. For
bottom rotations, Wb/hc increases sharply to the maximum and then remains constant
for θ = 48.3◦, but Wb/hc slightly decreases after reaching the maximum for θ = 11.3◦ and
30.0◦. The maximum of Wb/hc increases with increasing Φ and decreasing hc/B, and the
maximum point moves upstream with the increase of Φ and hc/B. The prediction equations
are established for the maximum disturbed region widths of max(Wf/hc), max(Wm/hc)
and max(Wb/hc) for free-surface, mainstream and bottom rotations of skimming flow. It
is stated that max(Wb/hc) > max(Wm/hc) > max(Wf/hc) always exists, and max(Wb/hc) is
nearly 1.5 times as large as max(Wm/hc) and 3 times as large as max(Wf/hc).

Based on the achievements from our numerical study and the experiments of
Zindovic et al. [15] and Hunt et al. [18], the disturbed region of skimming flow gener-
ated by the converging sidewall potentially causes risks for engineering. The standing
waves placing higher demands on the sidewall height design, and the disturbed region
has higher flow velocity and lower air concentration than the undisturbed flow region,
presenting a challenge to cavitation control and energy dissipation. Our study provides
knowledge about the range of the disturbed regions; therefore, appropriate engineering
measurements can be taken to provide protection for this region during the spillway design,
construction and operation. Furthermore, because spillways are often used to discharge
excess flows from a sediment basin [25], the standing waves, the squeezed mainstream and
the distorted bottom rotations can change the sediment transport capacity of the skimming
flow, and the sediment deposition in the converging stepped spillway and its downstream
is noteworthy for future study.
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Notations

B step height (mm)
C air concentration
N total step number
V velocity (m·s−1)
Wi initial width of first step (mm)
Wf disturbed region width of the free-surface (mm)
Wm disturbed region width of the mainstream (mm)
Wb disturbed region width of the bottom rotations (mm)
a step length (mm)
g gravity acceleration constant (m·s−2)
h water depth vertical to pseudo bottom (mm)
hc critical flow depth (mm)
max dimensionless maximum disturbed region width
max(Wf/hc) dimensionless maximum disturbed region width of the free-surface
max(Wm/hc) dimensionless maximum disturbed region width of the mainstream
max(Wb/hc) dimensionless maximum disturbed region width of the bottom rotations
n step number
q the unit discharge at the spillway entrance (m2·s−1)
θ spillway slope (◦)
Φ convergence angle of sidewall (◦)
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