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Abstract
Stepped weirs are used in a wide range of applications, designed to increase energy dissipation. In this study, laboratory 
experiments were conducted in a flume on six stepped weir models, with a downstream angle of θ = 26.6°. The physical 
models used were on a scale of 10:1, and tests of discharges up to 0.055 m3/s were carried out. Several step geometries 
including traditional step, sill and curve geometries were used to study flow behavior and overall energy dissipation. The 
laboratory investigations were augmented by modelling numerically the within step flow and energy behavior using a 2-D 
CFD model, incorporating the k-ε model for turbulence closure. The results showed that energy dissipation was greatest for 
the curved steps by about 10.5%, where it was observed that the skimming flow regime was shifted to a higher discharge 
range. Numerical modelling results showed good agreement with the experimental results. An inspection of the modelled 
streamlines highlighted the increase in vortex intensity for the curve model, reflecting the strong circulation observed. The 
predicted stepwise energy dissipation showed the energy dissipation increase when the step number Ns increases. For the 
range of step height hs, tested, our results showed that energy dissipation increased with step height. The results from this 
study can be used to inform engineering design for steps with θ = 26.6° and provide estimates of the expected energy dis-
sipation and residual energy.

Keywords  Energy dissipation · Stepped · Modified step · Spillway · Flow regime

Introduction

Stepped spillways are hydraulic structures with energy dis-
sipating properties. According to Chanson (2015), a stepped 
spillway can be characterized as an energy dissipator and air 

entrainment. Also, the step configuration is the main factor 
in generating flow resistance resulting in energy dissipation. 
It is leading to a decrease in flow velocity. Dhatrak and Tate-
war (2014) investigated the flow regimes in case nappe and 
skimming regimes. In nappe flow, “the flow from each step 
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hits the step below as a falling jet, with the energy dissipa-
tion occurring by a jet breakup in air, jet mixing on the step, 
with or without the formation of a partial hydraulic jump on 
the step”, and in skimming flow, “the water flows down the 
stepped face as a coherent stream, skimming over the steps 
and cushioned by the recirculating fluid trapped between 
them”. Early observations of energy dissipation suggest that 
dissipation rates “appears to be enhanced by the momentum 
transfer to the recirculating fluid”. Three different kinds of 
flow regimes can be seen in the flow over the stepped spill-
way depending on the affecting factors. Nappe flow for low 
discharges, skimming flow for high discharges, and transition 
flow (Wan et al., 2019; Kaouachi et al. 2021).

Roushangar et al. (2014) have found that the dissipation 
of energy in stepped spillways is significant and the stepped 
spillway is an effective means of dissipating excess flow 
energy. Felder and Chanson (2015) showed that an increase 
in step height increases energy dissipation for the same num-
ber of steps. Zhou et al. (2020) conducted an experimen-
tal study to evaluate the stepped spillway performance and 
compared the results with a smooth spillway. The energy 
dissipation was better in nappe flow than in the skimming 
flow regime. Felder (2013) studied the energy dissipation 
between stepped spillways with uniform and non-uniform 
step heights and reported that energy dissipation rates were 
similar. Torabi et al. (2018) investigated energy dissipation 
on stepped spillways with flat steps with different roughness. 
Two types of roughness elements, uniform roughness con-
sisting of sand with given grain size, and discrete roughness 
consisting of fine blocks of specific dimensions were inves-
tigated. The results showed that for the nappe flow regime, 
the energy dissipation increased by about 15—20% for steps 
with roughness elements compared with smooth steps.

Other laboratory studies have also been undertaken to 
modify the step geometry in order to improve energy dissi-
pation. Jahad et al. (2016) studied the effectiveness of adding 
curved end sills at step edges. Their results show that curved 
end sills-edged chutes have higher energy dissipation than 
the sill edge, resulting in about 5% more energy dissipation 
compared to a flat step-stepped spillway. Wu et al. (2016) 
investigated aeration and energy dissipation in stepped spill-
ways employing an entrance section, ski-jump, pre-step 
section, aeration basin, and a stepped chute. The authors 
reported that their model improved energy dissipation and 
cavitation damage was reduced by about 8%, compared to a 
traditional stepped spillway. Mero et al. (2017) studied the 
use of differently shaped steps of moderate slope (26.6°) and 
showed that the energy dissipation rate was about two times 
more than flat steps.

There have also been numerical modelling studies on 
stepped spillways (e.g., Peng 2015; Lopez-Egea et al. 2015; 
Daneshfaraz et al. 2020; Kaouachi et al. 2021; Lebdiri et al. 
2020, 2022). According to Castillo et al. (2014), different 
turbulence closure models have been implemented with the 
Reynolds-Averaged Navier–Stokes equations have been used. 
Dong et al (2019) utilized multiphase flow Computational 
Fluid Dynamics (CFD) models, to assist several dams in 
China with stepped spillways. The equation of Reynolds-
averaged Navier–Stokes has been solved. The simulated flow 
pattern and recirculation region agreed well with experimen-
tal results, although the CFD model provided more accurate 
simulations of the velocity profile. Hamedi and Ketabdar 
(2016) used experimental and a finite volume method with 
the standard k-ε model numerical approach to study the flow 
characteristics and energy dissipation for stepped spillways 
with normal end sills. The results showed reasonable agree-
ment between the experimental and numerical approaches 
for both flow regimes and energy dissipation. Lebdiri et al. 
(2020) investigated the impacts of the step number on energy 
dissipation rate, the acted shear stresses on the walls for the 
flow stepped spillway. Ansys-Fluent is used in modelling to 
solve Navier–Stokes equations with both VOF and turbulent 
k-ε. The results encouraged the researchers to use the CFD 
approach. CFD model can show the inside hydraulic varia-
tions which cannot be shown physically sometimes.

The above review shows that stepped spillways have 
received considerable attention due largely to their impor-
tance in civil engineering. Most of the early work focused on 
energy dissipation, largely investigated by physically model-
ling. In this respect, modifications of the step geometry are a 
promising feature in increasing energy dissipation, given the 
success reported in the literature. However, further shapes 
and geometries need to be tested. More importantly, the area 
of study that is still lacking is numerical prediction; although 
some studies have been conducted, modelling of stepped spill-
ways with steps of different geometries is either limited or 
non-existent. The motivation for this study was therefore to 
improve our understanding of stepped spillways’ performance, 
particularly the hydraulics behind and energy dissipation 
characteristics of these structures, as a function of step shape 
and geometry. Using a laboratory and numerical modelling 
approach to study step spillways with a variety of shapes and 
geometries, the objectives for this study therefore were: (i) 
assess the energy dissipation and flow characteristics of step 
spillways in a laboratory flume, (ii) numerically investigate 
flow and energy dissipation characteristics, and (iii) suggest 
optimal geometry for the step shapes and geometries studied.
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Methodology

Laboratory experiments

Laboratory experiments were carried out in a 7.0 m long, 
0.5 m wide, and 0.6 m deep flume. Discharge Q (L/s) was 
measured by a flowmeter with an accuracy of ± 1 L/s. The 
flow was supplied from a storage 3.0m3 via a 0.2 m diam-
eter pipe to the inlet tank and straightened before entrance 
into the flume before exiting via a free overfall. Three dif-
ferent steps geometries, each with 2 different geometries, 
resulting in a total of 6 experimental setups, were tested. All 
six setups had a total length L = 0.7 m and spillway height 
Hd = 0.3 m, giving a chute angle θ = 26.6°. The models were 
manufactured from plywood with a roughness height of ks 
≈ 0.4 mm. The steps numbers are Ns = 6 and 10 with step 
heights of hs = 0.05 m and 0.03 m, respectively as shown in 
Table 1 and Fig. 1. The three shapes comprised: (i) rectan-
gular shape or Step Model (Fig. 1(a) and (b)), where Step_1 
has ten flat steps with step height (hs = 0.03 m) and Step_2 
has six flat steps with step height (hs = 0.05 m), (ii) rectan-
gular shape with an end sill or Sill Model (Fig. 1(c) and 
(d)), where Sill_1 has ten steps (height of the end sill equals 
step height hs = 0.03 m) and Sill_2 has six steps (height of 
the end sill equals step height hs = 0.05 m, and (iii) quarter-
circle curve step or Curve Model (Fig. 1(e) and (f)), where 
Curve_1 has ten steps (height of the quarter circle equals 
hs = 0.03 m) and Curve_2 has six steps (height of the quar-
ter circle equals hs = 0.05 m). All the test setups were made 
from plywood and finished with a coat of marine paint to 
a smooth finish. The Step model was chosen as the basic 
shape, for comparison with previous studies conducted with 
the same chute angle, and ultimately with the Sill and Curve 
Models. The ranges of experimental parameters tested are 
provided in Table 1, where hs and ls are the step height and 
length, respectively, Ns is the number of the steps, and yc 
is the critical flow depth. All tests were carried out twice, 
to test for repeatability. A total of 144 experimental runs 
were therefore conducted for unit discharges, q ranging from 
9.0 L/s.m. to a maximum of 111 L/s.m. Water depths were 
measured by point gauges, with an accuracy of ± 0.2%.

Previous studies by Torabi et al. (2018), Mero and Mitch-
ell (2017), Wu et al. (2016), Tabari and Tavakoli (2016), 
and Li et al. (2014) have quantified energy dissipation, by 
measuring the difference in specific energies, ∆E, upstream 
and downstream of the stepped spillway. This is a relatively 
straightforward task as the specific energy, E, can be esti-
mated based on water depth measurements.

Numerical modelling

ANSYS Fluent v18.1 (ANSYS® Academic Research 2017) 
CFD package using the Volume of Fluid (VOF) model has 
been used to numerically model flow behaviour. The VOF 
method is a multi-phase numerical modelling procedure pro-
posed by Hirt and Nichols in 1981 and is used in free-surface 
flow problems. In the VOF method, the momentum equation 
is solved for two phases of non-miscible fluids, and the frac-
tion occupied by each fluid phase in a computational cell is 
tracked. The model solves the incompressible continuity and 
momentum equations for turbulent flow Torrano et al. (2015):

where ρ is the density of the fluid, μ is molecular viscosity, 
ui is the velocity component, xi is the coordinate component, 
t is the time, and p is the pressure. The deviatoric stress 
component in Eq. (2) can be expressed as:
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Table 1   Experimental 
parameters tested

Model hs (m) ls (m) End sill type End sill height 
(m)

Ns yc/hs

Step_1 0.03 0.067 – – 10 0.66–1.05
Sill_1 0.03 0.067 normal 0.03 10 0.66–1.05
Curve_1 0.03 0.067 quarter circle 0.03 10 0.66–1.05
Step_2 0.05 0.120 – – 6 0.69–1.08
Sill_1 0.05 0.120 normal 0.05 6 0.69–1.08
Curve_1 0.05 0.120 quarter circle 0.05 6 0.69–1.08
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where μt is the turbulent viscosity and the stress tensors 
�ij = 1 when i = j and �ij = 0 when i ≠ j, using the k-ε model 
for turbulence closure (Torrano et al. 2015):

(4)
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where, Cu = 0.09, σk = 1.0, σ ε = 1.3, C1 ε = 1.44 and 
C2 ε = 1.92 Torrano et al. (2015).

The numerical model was run, to steady-state, for all 
experimental conditions listed in Table 1. The boundary 
conditions do not change from one case to another except 
for the inlet velocity. The velocity inlet was calculated 
using continuity equations for five discharges (Q = 4.35 L/s, 

(6)�t = �C�

k2

�

Fig. 1   Stepped spillways with different shape and dimensions tested. a Step_1, b Step_2, c Sill_1, d Sill_2, e Curve_1 and f Curve_2
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10.10 L/s, 25 L/s, 38.46 L/s, and 55.55 L/s) from experi-
mental work. The velocity was defined as velocity magni-
tude and the x-direction was used as a velocity direction in 
the ANSYS-Fluent software. The velocity was vo = 0.0275, 
0.0605, 0.1326, 0.1895, and 0.2566 (m/s) as the data input in 
ANSYS-Fluent software for all the models, where vo is the 
inlet velocity. The VOF model was used to simulate the two-
phase flow (air and water) with the k-ε model to identify the 
turbulent flow turbulence in ANSYS-Fluent software. The 
numerical model was run to a steady state for all experimen-
tal conditions. The inlet boundary conditions were separated 
into two parts to account for air and water fluid components. 
The average velocity was set for the water flow component. 
The atmospheric pressure was specified for the air layer. The 
pressure outlet was taken as the outlet boundary condition 
for the water layer. In addition, atmospheric pressure was 
specified for the outlet air layer and top boundary. The flume 
bed and the surfaces of the steps were defined by the wall 
boundary (nonslip) condition.

Results and discussion

Laboratory experiments

Step model results and comparison with previous studies

Experiments with the Step_1 model show that nappe flow 
regime was maintained until q = 8.6 L/s.m, and yc/hs = 0.66. 
The onset of skimming flow occurred when q ≈ 20.0 L/s.m 
or yc/hs = 1.05. In comparison, for the Step_2 model, the 
corresponding values for q are 20.0 L/s.m and 39.0 L/s.m, 
and yc/hs are 0.69 and 1.08, for nappe and skimming flow 
regimes respectively. Transition flow was observed in 
between these limiting values of q and yc/hs. Pictures of the 
three flow regimes for the Step Model are shown in Fig. 2, 
where Fig. 2a shows nappe flow for q = 8.6 L/s.m. Figure 2b 
shows the transition flow regime q = 10.1L/s.m where it is 
observed that the flow is skimming in the upper steps and 

at lower steps, nappe. Skimming flow is present at higher 
discharge, q = 39.0 L/s.m (Fig. 2c).

Figure 3 compares ∆E for the Step Model as a function 
for Hd/yc with previous studies for θ = 26.6°. In general, ∆E 
increases when discharge decreases or when Hd/yc increases, 
consistent with studies by Felder and Chanson (2013) and 
Felder et  al. (2015). The current study obtained higher 
energy dissipation for low discharges in all models. In mod-
els Step_1 and Step_2 at q = 9.0 L/m.s the ∆E/Eo = 0.81 and 
0.75 respectively because of the nappe flow regime effects. 
Chanson (2015) defined the nappe flow regime as ‘‘the water 
proceeds in a series of plunges from one step to another and 
the flow from each step hits the step below as a falling jet’’, 
which leads to an increase in flow resistance when compared 
with other flow regimes. Moreover, for high discharge (e.g. 
at q = 111.0 L/m.s) the energy dissipation was the lowest, 
∆E/Eo = 0.56 and 0.55, respectively, because of skimming 
flow effects. Chanson (2015) characterized the skimming 
flow regime as water flowing downstream of the stepped 
spillway as a consequential stream, skimming on the steps 
and cushioned by the circulating water trapped between 
them. The differences between the two models can be attrib-
uted to the impact of the step height hs and length ls on the 
water surface profile and flow characteristics.

Fig. 2   Observed flow regimes for Step_2 model. a Nappe flow (q = 8.6 L/s.m, yc/hs = 0.69), b Transition flow (8.6 L/s.m < q < 39.0 L/s.m, 
0.7 < yc/hs < 1.09) and c Skimming flow (q = 39.0 L/s.m, yc/hs = 1.08)

Fig. 3   Energy dissipation stepped spillways (flat step): comparison 
with previous studies
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Other step shapes and geometries

Figure 4 shows the typical flow regimes (Nappe, Transition, 
and Skimming) observed on the step geometries tested. In 
Sill_1 and Curve_1, the Nappe flow regime developed when 
yc/hs = 1.16, and in Sill_2 and Curve_2 models, at = 0.87. 
At these values yc/hs, the flow regime was in Transition for 
Step_1 and Step_2 models. Skimming flow regime was 
observed at yc/hs = 1.44 for Sill_1 and Curve_1 and yc/
hs = 1.27 for Sill_2 and Curve_2. Skimming flow appeared 
at lower yc/hs for Step_1 and Step_2 models (yc/hs = 1.16 
and 1.08, respectively). The observations that the Nappe 
and Transition flow regimes appear at higher values of yc/
hs (or higher q) compared to the Step_1 and Step_2 models 
is attributed to the storage within the pools, particularly for 
the Curve models. In the Sill and Curve models (Fig. 4d to 
i), part of the flow is advected downstream, similar to the 
flat step, but a proportion of the flow is retained on the steps 
within the recirculation zones. The volume retained in the 
pools can be quite large, if q is small (Fig. 4d and g). The 
flow at a step is dominated by a hydraulic jump generated 
by the main flow, transiting from supercritical to subcritical 
flow within the step as the flow is decelerated by the sill. The 
main flow then accelerates as it plunges to the subsequent 
step, repeating the transition from supercritical to subcritical 
flow. These observations detail the effects of step height and 

end sills in influencing the hydraulic behaviour, enhancing 
energy dissipation rates.

Figure 5 compares ∆E for all the step geometries where 
it is observed that ∆E decreases with increasing yc/hs 
(increasing q). For nappe flow (low discharge), the energy 
loss is highest due to the interactions between the plung-
ing flow with the individual steps. Energy loss however is 
observed to be higher for Curve and Sill compared to the 
Step model. The ∆E/Eo was higher for Curve_1 and Sill_1 
model than the Step_1 model by 7% and 5%, respectively, 
with Curve_1 having the highest ∆E/Eo. Similarly, ∆E/
Eo was higher for model Curve_2 and Sill_2 than Step_2 

Fig. 4   Observed free surface for flow over stepped spillways. Nappe 
flow: a Step_2, d Sill_2 and g Curve_2, where q = 20.0 L/s.m, yc/
hs = 0.69. Transition flow: b Step_2, e Sill_2 and f Curve_2, where 

20.0 < q < 39.0 L/s.m, 0.07 ≤ yc/hs ≤ 1.09. Skimming flow: c Step_2 f 
Sill_2 and i Curve_2, where q = 39.0 L/s.m, yc/hs = 1.08

Fig. 5   Energy dissipation on stepped spillway with steps of various
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by approximately 10% and 7%, respectively. The highest 
∆E/Eo observed for Curve models is due to higher energy 
dissipation associated with the considerable influence of 
the semi-circular end sills. This influence might be due 
to the greater frictional resistance provided by the semi-
circular shape which is more streamlined thus providing a 
greater contact area compared to the Sill or Step model. As 
flow approaches skimming, differences in ∆E/Eo became 
smaller for all models, since the effects of step geometry 
and geometry became less significant and the flow dis-
charges down the stepped face as a coherent stream.

Numerical modelling

CFD model validation

The experimental approach was used to define the veloc-
ity downstream of the stepped spillway to obtain the CFD 
results. The solvers for stepped spillways were at the start 
of their assessment. Therefore, it is necessary to check the 
results. Furthermore, in this study, the CFD model was a 
parallel work to experiments. The root means square error 
(RMSE) and the mean absolute percentage error (MAPE) 
in (Eqs. 7 and 8) respectively are the criteria used to vali-
date the CFD models.

Also, the correlation coefficient (R) was used as a tool 
to determine the quality of fit between the experimental 
and CFD results. Equation 9 was given to computed R.

(7)RMSE =

√√√
√1

n

n∑

1

(
V1experimental − V1CFD

)2

(8)MAPE = 100 ×
1

n

n∑

1

|
||||

V1experimental −V1CFD

V1experimental

|
||||

where: xi and yj are defined as the CFD and experimental 
output results, respectively; Cyjdj is the covariance between 
the CFD (xj) and the physical model results (yj); σxj and 
σyj are the standard deviations of the CFD and the physical 
model results, respectively.

Table 2 presents a comparison between the experi-
mental and CFD results. The statistical values such as R, 
MAPE, and RMSE were computed for verification. The 
benefit of MAPE and RMSE were used as an indicator for 
the error which should be zero or close to it. In the pre-
sent study, the model has the index value nearest to zero 
which is considered more precise. As shown in Table 2, 
the MAPE and RMSE are 4.32, and 0.21 respectively with 
R = 0.996 for five values of the discharges. The RMSE was 
close to zero, it was signifying the best agreement.

Flow regime

The results from the CFD model run predicting flow regimes 
under different flow conditions are shown in Fig. 6(a) – (i) 
and compared with the experimental observations (Fig. 4(a) 
- (i), respectively) for the same flow conditions. In general, 
the predicted longitudinal water surface profiles are simi-
lar to the experimental results, and the flow characteristics 
observed in the model are consistent with the experimental 
observations. Nappe flow occurred in the experiments for 
q ≈ 20.0 L/s.m and is reproduced by the numerical model 
(Fig. 6(a), (d), and (g)). The modelled free surface is noticed 
to be wavy and disturbed due to the plunging flow. In the 
experiments, it was observed that plunging flow, especially 
for the upper steps, in the Step model, is accompanied by 
substantial amounts of air entrainment. This manifests as 
regions of white water in the experiments and low water to 
air ratio (w/a < 1) in the model, and is observed on every 
step, intensifying as the flow progresses down the steps. The 
progress to the Transition regime is also predicted well by 
the numerical model (Fig. 6(b), (e), and (h)) where the lon-
gitudinal water surface profile is predicted to change from 

(9)R =
Cxjyj

�xj�yj

Table 2   The statistical 
calculations of experimental 
and CFD result Step_2 model 
with five different discharges

Model Q m3/s Experimental 
results

CFD model-
ling results

The relative 
error %

RMSE MAPE % Correlation (R)

V1 m/s V1 m/s

Step_2 0.004 0.147 0.155 5.03 0.021 0.996
0.010 0.297 0.312 5.05
0.025 0.505 0.492 2.57 4.32
0.039 0.615 0.638 3.74
0.055 0.671 0.706 5.22
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skimming flow (first three steps) to nappe flow (subsequent 
steps) when 20.0 < q (L/s.m) < 39.0, consistent with the 
experimental observations. In the experiments (Fig. 4(b), 
(e) and (h)), it was observed that the flow started out as 
skimming at the uppermost steps but as the available energy 
was unable to support skimming flow further downstream, 
the flow changed to nappe, accompanied by increased air 
entrainment. These observations are also well supported 
by the numerical model results in (Fig. 6(b), (e), and (h)). 
Skimming flow is predicted by the model for larger flow 
rates (q ≥ 39.0 L/s.m) where the flow surface appears to be 
relatively undisturbed, especially for the Step model. For 
the Sill and Curve geometries, some waviness is seen, due 
to the obstruction to the flow by the end sills. Model results 
are shown in Fig. 6(c), (f), and (i), are compared with experi-
mental results shown in Fig. 4(c), (f), and (i), respectively. 
Except for some slight waviness of the surface, both experi-
mental and numerical water surface profiles are relatively 
undisturbed, a feature of the skimming flow regime. Air 
entrainment is also predicted by the model to be less sig-
nificant, which is confirmed from observations.

An elaboration of the flow patterns is provided by the 
streamlines plotted in Fig. 6 for Step_2, Sill_2, and Curve_2 

models, where differences in step geometry are seen to give 
rise to differences in the flow direction. In the Curve model, 
the formation of a strong recirculation region is character-
ised by a single vortex of regular shape (Fig. 6 (g), (h), and 
(i)). Significant recirculation is observed for the Curve and 
Sill models because the end sill deflects the flow around the 
cavity space, similar to the flow over a cavity. The recircula-
tion flow is more pronounced in the Curve model, generating 
stronger vortices than in the Sill model. For the Sill model, 
although the size of the vortex scales with the dimension of 
the cavity, however, its shape is irregular, and sometimes a 
secondary, shear-induced vortex (Figs. 6(d), (e), and (f)) is 
formed at the upstream corner of the sill. For the Step model, 
a single shear-induced vortex (Fig. 6(a), (b), and (c)), similar 
to the flow over a backwards-facing step, is produced. The 
model results provide evidence that links the flow struc-
ture with ∆E/Eo which has been suggested by Felder et al. 
(2013). It can be postulated that the higher ∆E/Eo for Curve 
and Sill models are related to the scale and intensity of vor-
tex structures, which are governed by the step configuration 
and geometry, and ultimately influences energy dissipation 
Fig. 7.

Fig. 6   Modelled free surface and volume fraction of air. Nappe 
flow: a Step_2, d Sill_2 and g Curve_2, where q = 20.0 L/s.m, yc/
hs = 0.69. Transition flow: b Step_2, e Sill_2 and f Curve_2, where 

20.0 < q < 39.0 L/s.m, 0.07 ≤ yc/hs ≤ 1.09. Skimming flow: c Step_2 f 
Sill_2 and i Curve_2, where q = 39.0 L/s.m, yc/hs = 1.08
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Stepwise energy dissipation rate

The CFD model results were analysed to study the stepwise 
energy dissipation. The modelled stepwise energy dissipa-
tion rate was investigated using the predicted velocity and 
flow depth for the downstream edge of each step, to calculate 
the energy dissipation, incorporating the Bernoulli equa-
tion. As before, Eo is the upstream flow energy and Ei is the 
energy at the downstream edge for each step, at a distance x 
from the origin O (Fig. 1) (Zhou et al. 2020):

Figure 8 shows the stepwise variation of the nappe, 
transition, and skimming flow regimes. The x-axis for the 
models covers a wide range of the discharge (yc/hs) show-
ing the ∆Ei/Eo variations with downstream distance x, or 
the number of steps when θ = 26.6°. In general, stepwise 
energy dissipation shows a linear variation with down-
stream distance and is more distinct between flow regimes 
when Ns are larger. When Ns = 10, it can be observed that 
∆Ei/Eo varies significantly with flow regime according to 
nappe > transition > skimming. For Ns = 6, the number of 

(10)
ΔEi

Eo

=
Eo − Ei

Eo

steps is presumably too small for the flow regime to be sig-
nificant. There are significant differences between ∆Ei/Eo 
for the Sill and Curve models compared to the Step model. 
The Step model at any Ns requires a greater distance (or 
the number of steps) to achieve the same ∆Ei/Eo. Figure 8 
also shows that at each step, ∆Ei is high at the nappe flow 
regime and reduces for transition and skimming flow, 
which is to be expected. ∆Ei/Eo is higher for Ns = 6 since 
the step height is larger.

Conclusion

Laboratory experimental work was carried out to investigate 
energy dissipation rates in stepped spillways. Some results of 
the laboratory experiments were validated against previous 
studies. Numerical modelling results were validated against 
the laboratory data and used to study stepwise energy dis-
sipation behaviour. The conclusions obtained from this study 
are as follows:

1.	 Nappe, transition, and skimming flows were observed 
for all step configurations and geometries investigated. 

Fig. 7   Flow streamlines. Nappe flow: a Step_2, d Sill_2 and g 
Curve_2, where q = 20.0 L/s.m, yc/hs = 0.69. Transition flow: 
b Step_2, e Sill_2 and f Curve_2, where 20.0 < q < 39.0 L/s.m, 

0.07 ≤ yc/hs ≤ 1.09. Skimming flow: c Step_2 f Sill_2 and i Curve_2, 
where q = 39.0 L/s.m, yc/hs = 1.08
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This observation is consistent with past studies con-
ducted on stepped spillways and varied as a function of 
the step height, step length, step number and discharge. 
However, the onset of transition and skimming regimes 
were found to be dependent on step shape, with delay 
in flow regime change from nappe to transition and to 
skimming as the discharge was increased.

2.	 Energy dissipation was found to be related to discharge 
and step shape. The adoption of end sills or curved steps 
was found to increase energy dissipation rates compared 
to the traditional steps. In the nappe flow regime, energy 
dissipation increased by 7% and 5% for the Curve_1 
and Sill_1 model respectively, compared to the Step_1 
model. The corresponding increase for Curve_2 and 
Sill_2 models was approximately 10% and 7%, respec-
tively. The increase in energy dissipation reduces with 
increasing the discharge which means the increase in 
energy dissipation is less significant in the transition and 
skimming flow regime.

3.	 Comparisons with numerical predictions showed that the 
CFD model was able to capture the main flow features 
when compared to the laboratory experimental results. 
The water profiles predicted by the CFD model showed 
good similarity throughout the range of experimental 
conditions tested. The onset of nappe, transition, and 
skimming flow regimes predicted by the model for 
all step shapes corresponded well with the laboratory 
observations. Investigations of streamlines predicted 
by the numerical model revealed the influence of step 
shape on the flow patterns and energy dissipation rates. 
A strong recirculation with a single vortex of regular 
shape was predicted for the curve models. For the Sill 
model, the vortex shape was irregular, occasionally 
accompanied by a secondary, shear-induced counter-
rotating vortex, at the upstream corner of the sill. The 
Step model is accompanied by a single shear-induced 
vortex, which was similar to the flow over a backwards-
facing step, albeit with a step length much smaller than 
the re-attachment length.

4.	 The stepwise energy dissipation behaviour showed a lin-
ear trend with downstream distance, increasing with the 
number of steps. The Curve and Sill models had larger 
energy dissipation than the Step model, for the same dis-
tance. This supports the adoption of pooled steps, such 
as Curve and Sill models as energy dissipation devices. 
The numerical model reveals that higher energy dissi-
pation rates observed for Curve end Sill models were 
related to the step heights and lengths which in turn gov-
ern the scale and intensity of vortex structures and hence 
energy dissipation.
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