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ABSTRACT

The volume of the stilling basin can be reduced, energy can be dissipated, and floods can be contained with the
help of spillways. The aim of this Computational Fluid Dynamics (CFD) study is to investigate how compound
slopes change water flows through spillways. To measure turbulence, the R ealizable k-¢ model was used, and
the multiphase volume of fluid (VOF) method was utilized to determine where air and water meet. Five models
of spillways with different slopes (normal slope (MS1) = 30°, compound slope(MS2 and M S3) = 20°/39°, and
compound slope (MS4 and MS5) = 39°/20°) were modelled and simulated using the ANSYS Fluent software to
determine their flow characteristics. Numerical simulation results were compared to experimental results, and it
was found that the CFD model captured the key flow aspects accurately. The numerical model carefully observes
the several flow patterns (nappe, transition, and skimming) that emerged owing to variations in slope and geom-
etry. When it comes to dissipating energy, models with a compound slope (39°/20°) do the best. When compared
to the normal slope model (30°) with a step size of 10, the increase in energy dissipation is 14%. According to
the findings, the TKE (turbulent kinetic energy) was elevated by the compound slope. The results of this research
show that the spillway can be operated effectively and reliably under a wide range of flow conditions, fulfilling an
important goal of the project.

Keywords: compound slope, volume of fuid; spillway; CFD; energy dissipation.

INTRODUCTION

of stepped spillways make them ideal for many
hydraulic structures and make them invaluable
when it comes to water management.

The studies conducted by (Wan et al., 2019,

Spillways are a popular and practical choice
for many hydraulic structures due to their ef-

ficient air entrainment and energy dissipation
abilities. Chanson (2022) highlights that these
spillways can be identified by their step configu-
ration, which acts as a source of resistance, dis-
sipating energy and slowing the velocity of the
flow. As well as this, researchers have suggested
that stepped spillways are the most efficient way
to control air entrainment and water erosion. Ad-
ditionally, stepped spillways also have the poten-
tial to reduce the formation of whirlpools and tur-
bulent areas in the water flow body. The benefits
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Ghaderi et al., 2021, and Ma et al., 2022), have
established the importance of step height and
chute channel angles in pooled stepped spillways.
Moreover, (Baylar et al., 2009) examined the
impact of channel slopes on the effectiveness of
stepped spillways’ aeration. The results showed
that for stepped cascade aerators, increasing chan-
nel slope led to higher aeration efficiency. This is
a substantial increase, and suggests that raising
the channel slope could be a good approach to
enhance the effectiveness of aeration in stepped
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spillways. According to Bung (2011), stepped
spillways, as opposed to other kinds of hydraulic
structures, have a stronger effect on re-aeration
and energy dissipation processes. The stepped
geometry of stepped spillways, which consists
of a sequence of steps that give higher abrasion
from a wider variety of flow depths, distinguishes
them from other types of spillways. Due to this,
it was determined that modifications to the spill-
way'’s features, such as slope, the height of mac-
ro-roughness, and discharge, had a substantial
impact on the flow’s velocity and depth. The ef-
fectiveness of energy dissipation on stepped spill-
ways with a nappe flow regime was examined in
a study by Hamedi et al. (2014). There were many
various models for stepped spillways that were
examined, including slanted steps with varying
end sills. The variables having the largest impact
were the height, thickness, and upper angle of end
sills. The hybrid model was found to maximize
energy dissipation through experimentation.

The subsequent explorations bolstered these
conclusions by investigating the flow charac-
teristics over the stepped spillways. To further
extend the findings, (Felder, 2013), it was found
that the uniform and non-uniform stepped spill-
ways both dissipate energy differently. Also, the
two different types of structures almost dissi-
pated energy at the same rate. This result shows
that stepped spillways do not necessarily dissi-
pate more energy when the step heights are var-
ied. Roushangar et al. (2014) conducted a study,
revealing that stepped spillways are an effective
energy-dissipating mechanism. The research
highlighted the significant energy loss that oc-
curs in stepped spillways. Therefore, stepped
spillways are an essential tool for controlling
the energy of overflowing flows and preventing
damage. Additionally, the study also revealed
that, when compared to traditional straight
chutes; stepped spillways were more effective
at dissipating energy. This research points to
the advantageous status of stepped spillways for
managing water flow and emphasizes the ben-
efits of their implementation. Felder and Chan-
son (2015) have drawn attention to the fact that
stepped spillway flows exhibit particularly po-
tent energy dissipation and robust free-surface
aeration downstream of the point of air entrain-
ment in comparison to other flow diversion con-
figurations. Geometry, boundary conditions, and
turbulence are only a few of the variables that
have an impact on the stepped designs’ flow

behaviour and pattern. Torabi et al. (2018) found
that, in regards to the nappe flow regime, energy
dissipation was elevated by 15-20% when steps
were constructed with roughness elements, as
opposed to smooth steps. Thus, the continued
research surrounding stepped spillways has sim-
ilarly indicated that they are a reliable and effec-
tive method for dissipating excess flow energy.

Furthermore, Zhou et al. (2020) investigated
the ability of stepped spillways to dissipate en-
ergy and contrasted their findings with those of
smooth spillways. The stepped spillways clearly
have better energy dissipation benefits when in a
nappe flow regime as opposed to the skimming
flow regime. The study’s findings were quite
positive and suggested that the stepped spillway
would make an efficient energy dissipation sys-
tem. The performance of stepped spillways may
be affected by changes in shape or flow intensi-
ty. Further study may be conducted to see how
this mechanism might be used to manage water
resources. According to Salmasi and Abraham
(2022), the effects of the spillway’s slope and step
count on the rate of energy loss are not as im-
portant as first thought. However, their research
revealed that an increase in the slope and quan-
tity of steps of a stepped spillway will lead to an
increase in energy dissipation while maintaining
a constant discharge rate. Furthermore, they rec-
ommended that, as each stepped spillway has the
ability to function differently, the implications
should be investigated and evaluated on a case-
by-case basis. Their findings have been crucial in
enabling civil engineers to create effective spill-
ways that maximize energy dissipation.

Moreover, numerical modelling studies have
revealed important information about stepped
spillways. Research has shown that by using suc-
cessive tiers to moderate the difference between
the water level and the outflow, energy loss can be
minimized and efficient hydraulic performance
can be gained. Modelling also enables engineers
to identify the optimum design for spillways by
gauging their performance in different scenarios,
for example, by considering changes in design
parameters such as slope angle and step length.
Having the ability to accurately simulate the
overspill and the loss of momentum due to the
steps has allowed engineers to streamline the de-
sign process, as well as account for variables such
as flow rate and velocity. Ultimately, this leads to
more effective restoration projects, better hydrau-
lic performance, and lower energy loss.
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Castillo et al. (2014), have proposed various
turbulence closure models as a means of resolv-
ing attempts to simulate turbulent flows with the
Reynolds-Averaged Navier-Stokes equations.
These models can range from simple eddy viscos-
ity models, such as the Boussinesq assumption, to
complex versions, such as the two-equation mod-
els. The effectiveness of the turbulence closure
models is heavily dependent on the accuracy of the
numerical scheme employed in the simulations.
Hamedi et al. (2016) conducted a study to evalu-
ate flow characteristics and energy dissipation for
stepped spillways with normal end sills. Using a
combination of the experimental approach and
the finite volume method with the standard k-¢
model, the research team analysed the results and
compared them with numerical approaches. The
study revealed a reasonable agreement between
the experimental and numerical approaches, both
for flow characteristics and energy dissipation.
This indicates the reliability of the numerical
method to accurately compute the characteris-
tics of stepped spillways. This research provides
a strong foundation for the idea that numerical
tools can be effectively used to calculate the per-
formance of stepped spillways with normal end
sills. Dong et al., (2019) made use of state-of-the-
art multiphase flow Computational Fluid Dynam-
ics (CFD) models, with the goal of improving the
operation of several dams with stepped spillways
in China. Using the powerful Reynolds-averaged
Navier—Stokes equation, highly accurate simula-
tions of the velocity profile were made possible.
The predicted results of these simulations showed
a strong agreement with the corresponding ex-
perimental measurements, providing insight into
how the dams can modify and improve their op-
eration in order to meet modern requirements for
water storage and energy generation. This shows
great promise for CFD modelling to improve the
management of dam systems globally. In addi-
tion, Lebdiri et al. (2020) analysed the effects of
stepped spillways on the rate of energy dissipa-
tion and shear stress levels along the flow walls.
To undertake their research, Ansys-Fluent was
used to calculate the turbulent k- as well as the
Volume of Fluid (VOF) in order to solve Navier-
Stokes equations. Through their work, the authors
found the CFD model to be most beneficial in un-
derstanding the internal hydraulic variations that
cannot be seen physically. What’s more, the re-
sults demonstrated the potential of using the CFD
approach to investigate hydraulic problems. This
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indicates the significant role of the CFD model in
hydraulic engineering, providing innovative ways
to find solutions for hydraulic problems. Yalcin
et al. (2023) built on their earlier research to
evaluate the suitability of turbulence models for
CFD engineering problems. The application of
turbulence models to the investigation of the un-
steady flow behaviours of stepped spillways was
the main focus of the study. The authors created
a simulation model employing the k-large eddy
simulation (LES), and renormalization group
(RNG) turbulence models in order to find this out.
The results of the simulations demonstrated that
the k-model provides the best agreement for tem-
poral change of pressure, while LES is the most
capable for the prediction of velocities, water sur-
face, and energy dissipation rate. Additionally,
the RNG turbulence model’s optimization near
the flow exit improved the simulations’ accuracy
even more. In conclusion, the study indicates that
different turbulence models offer varying levels
of accuracy for different types of CFD engineer-
ing challenges. Additionally, it has been observed
that modifications to the design of stepped spill-
ways will have an immense effect on how water
is managed. Consequently, stepped spillways can
be seen as a great solution as they are both highly
efficient in terms of turbulence and energy dissi-
pation, and their modifications can be used.

The goal of this CFD investigation is to better
understand how compound slopes influence flow
characteristics through stepped spillways. Using
ANSYS Fluent software, various stepped spill-
way models with varying elevations are modelled
and simulated. The Volume of Fluid (VOF) ap-
proach is used to discern the boundary between
air and water, while the Realizable k-& model is
used to assess disturbances in the flow of stepped
spillways. Both of these methods are referred to
as the volume of fluid (VOF). All models are sim-
ulated with varying discharge rates to investigate
the relationship between slope variation and the
change in energy dissipation.

MATERIAL AND METHODS

Computational Fluid Dynamics, or CFD for
short, is a powerful subject in fluid dynamics that
examines a broad variety of different complex
flow systems by combining numerical computa-
tion with a variety of different data structures. At
the core of this method are the Navier-Stoscke
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equations. Different numerical methods can be
used to solve these equations, such as finite ele-
ment, finite difference, or finite volume. The finite
volume (FV) method is preferred by most solvers
due to its high accuracy and efficiency. In CFD,
the system is usually modelled as a connected set
of small-volume elements called finite volumes,
which are not directly linked to any physical
boundaries. This unstructured mesh formulation
is particularly useful when studying solid struc-
tures and other complicated systems. The soft-
ware Fluent is the leader in CFD software that
uses the finite volume method to discretise the do-
main of interest. Fluent is equipped with an array
of features to reduce the solution time and mem-
ory requirements of the finite volume algorithms.

This study focuses on the numerical simula-
tion of five spillways with compound slopes us-
ing Fluent software. To precisely represent the
boundary layer, the multiphase volume of fluid
(VOF) method was combined with a realizable k-¢
turbulent model. The velocity-pressure coupling
was modelled with the SIMPLE algorithm, mo-
mentum was modelled with an upwind scheme,
and the dissipation rate of turbulent kinetic en-
ergy was modelled with first-order upwind. The
base stepped spillway model was composed of
ten steps with a slope of 30° (the slope is the tan™!
spillway height (hd) to spillway length (11)), while
the spillway models with a compound slope var-
ied in 20°/39° and 39°/20°. Also, the step number
is 10 for MS1, 5/5 for both MS2 and MS3, and
9/9 for both MS4 and MS5. As explanation, in
the case 9/9 for the compound slope 39°/20°, it is
to show a 9 steps for the part with slope 39° and
9 steps for the part with slope 20°. The models
height was 0.3 m, the channel width was 0.5 m,
and the broad crest was 0.1 m in length. By ap-
plying variations to the height and length of the
steps, different slopes were achieved for the spill-
ways, as seen in Figure 1. The details of all five
stepped spillway models are illustrated in Table 1.
Through this numerical model, not only the rela-
tive velocity, pressure, turbulence kinetic energy,

Table 1. The dimensions of the models used in CFD

and turbulent velocity can be achieved for stepped
spillways of different slope ratios, but also in-
sight into the behaviours of the slopes and the
turbulence generated can be gained. This could
be useful in analysing the flow characteristics of
stepped spillways, and in designing or improving
their hydraulic performance.

The experimental work was conducted at
Deakin University in Australia. A 7.0 m long,
0.5 m wide, and 0.6 m deep flume was used to
conduct the laboratory experiments. The dis-
charge rate (Q) in the flume was measured using
a flowmeter which had an accuracy of =1 L/s. In
rectangular channel q = Q/b where b is the width
of the channel. In order to measure the velocity
(VO and V1) at points 0 and 1 respectively (Fig-
ure 2a), a Prandtl-Pitot tube was used. This tube
had a plastic, incurved shape with a diameter of
3 mm and was equipped with a digital gauge sys-
tem to facilitate accurate readings. In addition, the
Prandtl-Pitot tube was installed at an inclination
angle of 30° to minimise the instrument error to
+0.2 mm. Moreover, the tube was remotely sup-
ported by a horizontal beam to provide stability
and limit vibration during high flow. All the mea-
surement data obtained from the Prandtl-Pitot
tube was used to ascertain the velocity distribu-
tions of non-aerated flows (Jahad et al., 2022).

The geometry and mesh

There are two basic meshing methods: un-
structured mesh and structured mesh, both of
which can be used to describe the domain of ge-
ometry involved in the flow of air and water. A
static-structured rectangular hexahedral mesh
was ultimately chosen as the optimal solution for
the scenarios in this study. This mesh was further
modified with the addition of inflation layers,
which are critical elements for a successful CFD
simulation. In order to achieve the desired results,
an extremely fine mesh was utilized; as illustrated
in Figure 2, the MS1 model featured a total of
330617 elements and 330197 nodes. Accurately

Model# o° M‘(’ﬁ;’; ?frfht Crgi; 'r‘;';?th St‘?l‘; :ﬁ:‘ngth St?rf’) rr‘rf;?ht Step number (N)
MS1 30 300 100 50 30 10
MS2 39/20 300 100 80/40 30 5/5
MS3 20/39 300 100 40/80 30 5/5
MS4 39/20 300 100 30 30 9/9
MS5 20/39 300 100 30 30 9/9
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Figure 1. Geometry of the model, (a) MS1, (b) MS2, (¢) MS3, (d) MS4, and (e) MS5

Figure 2. MS1 model details (a) The geometry (b)The mesh and inflation layers

mapping out the physical properties of the envi-
ronment in this manner marks an important step
in ensuring reliable results.

Boundary Conditions

The water velocity over the stepped spill-
way is controlled by the inlet velocity. Depend-
ing on the discharge rate, the velocity of the
stepped spillway will vary. The higher discharge
will result in a greater amount of velocity being
applied at the velocity inlet. The value of the
backwater flow from the outlet is set to zero
for the pressure outlet condition at the outlet of
stepped spillways, where there is no backwa-
ter flow. The walls of the stepped spillway are
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considered stationary, nonslip walls. Conse-
quently, these are considered permanent walls.

VOF Method

The VOF is a multiphase method estab-
lished by Hirt and Nichols in 1981. It is de-
signed to calculate the volume of two fluids,
not multiple fluids. Therefore, in order to ac-
curately calculate the volume fraction of each
fluid, a volume fraction variable must be intro-
duced. This variable is denoted as fw for the
volume fraction of water, and Pa for the vol-
ume fraction of air. These two variables can be
used to calculate the total volume fraction of
both fluids throughout the domain, which must
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be equal to 1. Equation (1) allows us to make
this calculation. Furthermore, the VOF method
allows us to understand the interdependent re-
lationship between the two fluids and quickly
calculate the flow rate and velocity of each
fluid. This is beneficial for understanding a
variety of engineering problems, such as simu-
lating pipeline systems, or for monitoring tem-
perature during water-cooling processes. Addi-
tionally, researching the multiphase model can
enlighten us on the behaviour of fluids under
various conditions.

Pw+Ba=0 (D

VOF is an important tool used in computation-
al fluid dynamics (CFD) to simulate and analyse
fluid flows. VOF is a variety of equations used to
measure the ratio of air and water present at each
point in a given space. It does this by tracking the
volume percentage of each element in the space,
based on its fractional concentrations. By using
this information to solve the continuity equation,
the interface between air and water can be identi-
fied. Additionally, VOF can also be used to track
other elements with varied densities, such as mix-
tures between air, water, and other types of fluids.
As such, it is a highly versatile tool and is one of
the most important simulations used in modelling
multiphase flows.

dp Odpu;
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where: p is the density of the fluid,
u is molecular viscosity,
u, is the velocity component,
x, is the coordinate component,
t 1s the time, and
p 1s the pressure.

The deviatoric stress component in Equation.
(3) can be expressed as:
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where: 4 is the turbulent viscosity and the stress
tensors §;; = 1 when i =j and §;; = 0
when i# j, using the k-& model for turbu-
lence closure:
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Turbulence model

The Realizable k-¢ model, which was de-
veloped by (Shih et al., 1994), is a powerful
and comprehensive modelling approach that
surpasses the capabilities of the standard k-¢
model. This advanced model offers more cus-
tomizable features, such as the variable for
uniformity co-efficient, known as Cp, which
takes Reynolds stresses and physical compo-
nents of turbulent flow into account when cal-
culating turbulent viscosity. Furthermore, the
dissipation rate equation in the realizable k-¢
model is unique due to its combination of pro-
duction and destruction terms. This distinc-
tive feature adds to the accuracy of the model,
specifically when dealing with twists, turns,
and vortices in the flow. In fact, the model has
been used to examine turbulence, rotation, and
such phenomena that occur in stepped spill-
ways. The primary equations used to define
turbulent kinetic energy and dissipation rate
are as follows:
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where: Cu=0.09,
o, = 1.0,
o,=13,
C,.= 144,

C,,=1.92.

RESULTS AND DISCUSSION

A series of tests by ANSYS fluent were con-
ducted on the stepped spillway models to better
understand the energy dissipation and turbulent
Kinetic Energy (TKE) of these structures. The
stepped spillways models had varying angles
from a traditional slope of 30° to compound
slopes of 20°/39° and 39°/20° with different step
shapes. Utilizing the Volume of Fluid (VOF) and
k-¢ realizable models, flow simulations were con-
ducted at a range of discharge rates from 4.4x107
to 55.56x10° m¥/s. The simulations studied the
effects of the various slopes and discharge rates
on the energy dissipation and TKE of the flow.

CFD model validation

To obtain CFD results, the experimental
method was utilized to ascertain the velocity
downstream of the stepped spillway. Initially, the
devised solvers for stepped spillways were be-
ing evaluated and required verification. To prove
that the CFD model was correct, it was used with
experiments based on equations 9 and 10’s root
mean square error (RMSE) and mean absolute
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percentage error (MAPE) criteria. Data acquired
from the CFD simulations were compared to the
experimental results in order to make judgments
of accuracy. This method of comparison can pro-
vide confidence for the CFD simulations and
make it possible for engineers to use them with-
out worrying about their validity.

n
1
RMSE = HZ(V1exp—v1m,)2 (11)
1

V1. -V1
MAPE = 100 * = ‘ exp 7~ CFD
exp

Similarly, the correlation coefficient R was
used to determine the precision of the experiment
and CFD results. Equation 13 served as the basis
for determining R.

(12)

C
R=— (13)
Oyj Oyj

Where: “xi”” and “yj” are defined as the CFD
and experimental output results, respectively;
CX/-yj is the covariance between the CFD (xj) and
the physical model results (yj); oxj and ¢yj are the
standard deviations of the CFD and the physical
model results, respectively. Table 2 illustrates a
comparison between the experimental and CFD
results, with velocity of flow, V1, being used as
a variable for analysis. Statistical values such as
RMSE, R, and MAPE were used to assess the
accuracy of the results, where zero or close-to-
zero values indicate a more precise model. It was
found that the MAPE and RMSE for the five val-
ues of the discharges were 4.32 and 0.21, respec-
tively, with a value of R equalling 0.996. Clearly,
the findings reveal that the RMSE was closest to
zero, indicating the strongest agreement between
the two models. Overall, this study revealed the
strength of the CFD model in comparison to the
experimental data, demonstrating its capability in
providing reliable results in a short period of time.

Slope effect on flow pattern

The downstream slope of the spillway has
significant impacts on the flow in terms of
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Table 2. Results of experimental and CFD statistical calculations using the MS1 model with five different

discharges
Experimental data CFD The ]
Model Q md¥s data relative RMSE MAPE, % Correlation (R)
V,, mis V., m/s error, %
0.0044 0.147 0.155 5.03
0.0100 0.297 0.312 5.05
MS1 0.0250 0.505 0.492 2.57 0.021 4.32 0.996
0.0390 0.615 0.638 3.74
0.0555 0.671 0.706 5.22

hydraulics. The downstream slope of the spillway
plays a major role in governing the hydraulic be-
haviour of the flowing water. Merging water and
the adjacent topography to create a smooth, uni-
form flow is essential for the successful operation
of a spillway. The slope influences the amount
of energy lost along the flow path, so it has to
be considered carefully during design. Thus, the
selection of the ideal downstream slope is para-
mount to ensure the safety of the spillway. The
results from the CFD model run predicting flow
patterns under different flow conditions are shown
in Table 3 and Figures 3 and 4 with the same flow
conditions. In general, the longitudinal water sur-
face profiles and flow characteristics predicted by
the model and observed in previous experimental
studies are consistent.

Nappe flow occurred for q = 0.009 (m*/s)/m
as shown in Figure 3. Plunging flow is modelled
to cause waves and disturbances on the free sur-
face. In Models MS2 and MS4, the Nappe flow
and Transition flow are clearer than the others.
Observed that there is plunging flow in the MS4
model. Significant quantities of air are entrained

by the water flow. This manifests as white water
regions in the experiments and a low water-to-air
ratio (w/a < 1) in the model and is observed on ev-
ery step, intensifying as the flow progresses down
the steps. In addition to accurately predicting the
transition to the Transition regime, the numeri-
cal model depicted in Table 3 for the MS2 and
MS4 models also accurately predicts the progres-
sion to the Transition regime. Table 3 shows the
flow pattern changes with the slope. The models
MS2 and MS4 have transition flow for the q =
0.050 (m*/s)/m and the other models have Skim-
ming flow. Additionally, for larger discharges
(q > 0.111 (m%/s)/m) where the flow surface ap-
pears relatively undisturbed, the model predicts
skimming flow, notably for the Step model. For
the MS2 and MS4 geometries, some waviness is
seen, due to the obstruction to the flow by the slope
and steps changes. Models’ results are shown in
Figure 4. Except for some slight waviness of the
surface, the numerical water surface profiles are
relatively undisturbed, a feature of the skimming
flow regime. Air entrainment is also predict-
ed by the model to be less significant, which is

Table 3. Flow pattern details of CFD data for used models

Model# 0° q(md/s)/m Vo, m/s V1, m/s CFD flow type
0.009 0.028 0.147 Nappe flow
MS1 30 0.050 0.133 0.505 Skimming flow
0.111 0.257 0.671 Skimming flow
0.009 0.028 0140 Nappe flow
MS2 39/20 0.050 0.133 0.535 Transition flow
0.111 0.257 0.665 Skimming flow
0.009 0.028 0.150 Nappe flow
MS3 20/39 0.050 0.133 0.537 Skimming flow
0.111 0.257 0.673 Skimming flow
0.009 0.028 0.322 Nappe flow
MS4 39/20 0.050 0.133 0.539 Transition flow
0.111 0.257 0.675 Skimming flow
0.009 0.028 0.378 Nappe flow
MS5 20/39 0.050 0.133 0.550 Skimming flow
0.111 0.257 0.690 Skimming flow
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confirmed by W-VOF. Also, Figure 5 presents the
relationship between the relative velocity along
the spillway at predicted skimming flow regime
which sapporting the results in Figure 4.

Slope effect on energy dissipation

Figure 6 displays the effects of various slope
angles (30°, 39°/20°, and 20°/39°) on energy dis-
sipation. The base model in this study is MS1.
The minimum and maximum dissipated energy
are 43% and 63% respectively, for the flow over
MS1. While models MS3 and MS5 with com-
pound slope (39°/20°) display accept improved
when compare with MS1. The improvements in
energy dissipation on average are 4% and 6%
for MS3 and MSS5 respectively. The models with
compound slope (MS2 and MS4) resulted in the
greatest energy dissipation. For the flow over MS2
and MS4, the energy dissipation at low discharge
is 79% and 84% respectively. Also, the energy
dissipation at high discharge is 47% and 49% for
the same model. The high energy dissipation in
low discharges basically comes from the Nappe
flow with geometry effects (Jahad et al., 2022).
Moreover, the energy dissipation increases due to
increased turbulence, the flow velocity, and the

changes in slope. Despite the close similarity be-
tween MS2 and MS4 in the shape, the efficiency
of MS4 shows better performance because of the
steps direction and the steps number. In order
to gain more insight into the effect of different
slopes, further studies should be conducted on
spillways of various heights. Additionally, moni-
toring the turbulent flow and hydraulic pressure at
each step may provide additional insight into the
effect of slope on energy dissipation.

Slope effect on turbulent kinetic energy

Turbulent kinetic energy, or TKE, is a mea-
sure of the chaotic movement of energy in a tur-
bulent (fluid) flow. In the context of fluid flow
over a spillway, TKE is a measure of the cha-
otic and random motion of water molecules as
they cascade over the spillway. This chaotic mo-
tion is responsible for the dynamic turbulence
of the stream and can contribute to the erosion
of the spillway surface. Moreover, TKE can
increase the flow rate of a spillway, which can
result in greater pressure stress on downstream
structures. This is why studying the impact of
TKE on the flow over a spillway is so impor-
tant. According to Valero and Bung (2018) TKE

Figure 3. Nappe flow displayed by using w-vof on; (a) MS1, (b) MS2, (c) MS3, (d) MS4, and (e) MS5
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Figure 4. Skimming flow displayed by using w-vof on; (a) MS1, (b) MS2, (c) MS3, (d) MS4, and (e) MS5
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Figure 5. The relative velocity along the spillway body at q = 0.050 (m?/s)/m

is a critical indicator of the energy loss between
two sections of a fluid flow, mainly due to its
ability to characterize the mean velocity gradi-
ents that precede its formation. Measuring the
root-mean-square of velocity fluctuations is one
way of quantifying TKE whereby it is calculated
by finding the root mean square of consecutive
velocity values taken along the flow direction
V., Vp Vp - V), Where v is the velocity in
x direction. In addition to measuring the energy

exchange between two points of a system, TKE
can also be used to quantify the magnitude of
turbulence associated with the flow. Higher val-
ues of TKE are usually associated with high flow
turbulence, whereas lower TKE values are often
seen with laminar flows. Therefore, it is essen-
tial to accurately measure the TKE of a system
in order to make informed decisions about the
flow regime. This v value can be determined
mathematically as:
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Figure 6. Energy dissipation when the flow varied from Nappe to Skimming flow

The results of the TKE change process with

different discharges q = 0.009 (m?*/s)/m and q =

vf":\/(v’%l + Viz + V>2<3 totvin)/n (14) 0.050 (m?/s)/m suggest that the change in step
direction with the downstream slope arrange-
ment has a stronger intensity of turbulence than
TKE = 0.5(vE + v, + Vi) (15)  otherarrangements. This was highlighted by Fig-
ure 7, in which a change in step direction with

Nappe Flow Skimming Flow

(MS1)

(M5S2)

(MS3)

(MS4)

(MSS)

Figure 7. TKE values for different arrangement slopes for discharges q = 0.009 (m?/s)/m and q = 0.050 (m%/s)/m
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the downstream slope increased the deflected
jets on the steps and gave the highest TKE at
the compound slope with 18 steps for the model
MS4. In addition, the findings by (Ghaderi and
Abbasi, 2021), were validated as the TKE gradu-
ally increased as one moved along the spillway,
confirming that a change in the step direction
combined with the downstream compound slope
arrangement increases the turbulence along the
spillway more effectively than other methods for
this specific discharge. Further studies should be
conducted to see if such an arrangement is equal-
ly effective in other applications with varying
levels of discharge.

CONCLUSIONS

The success of spillway design is contingent
on the downstream slope being appropriate for
the anticipated flow rate conditions. To further
investigate this, a numerical examination of a
stepped spillway featuring a compound slope was
conducted using the ANSYS Fluent Model and
the Volume of Fluid (VOF) Method, as well as
the turbulence RNG-k-¢ model. To validate the
model, an experimental study of a flat-stepped
spillway was also conducted, and the results were
compared with those from the numerical simula-
tion. In the end, these findings indicated that the
parameters of the spillway operated effectively
when the compound slope was properly designed.
This study further reveals the potential of using
this design to accommodate various flow condi-
tions, enabling efficient and reliable operations of
the spillway. The conclusions obtained from this
study are as follows:

e Comparisons between numerical predictions
and laboratory experiments demonstrated
that the CFD model accurately captured the
fundamental flow characteristics. The water
profiles predicted by the CFD model corre-
sponded well to the experimental results. Ad-
ditionally, the various flow patterns (nappe,
transition, and skimming) that arose due to
changes in slope and geometry were thor-
oughly modelled by the numerical simula-
tion. Investigation of the predicted VOF
further indicated the effect of various slopes
on the flow patterns and the energy dissipa-
tion rates. Compound slope models produced
a strong recirculation with a single vortex
of regular shape, whereas the model (MS1)

generated a single shear-induced vortex simi-
lar to a flow over a backward-facing step.

e The flow patterns of various models with dif-
ferent geometries were investigated, and the
observations were consistent with previous
research. The results showed that the flow
patterns varied in regard to the slope, geom-
etry, and flow rate. Additionally, the onset of
transition and skimming flow patterns were
observed to be contingent upon the slope,
with a slow shift in flow patterns. Model sim-
ulations MS2 and MS4 clearly displayed the
change from nappe, to transition, and then to
skimming flow.

e The numerical model indicates that energy
dissipation rates of compound slopes, such
as MS2 and MS4, are greater than that of the
MS1 model under the same flow conditions.
This is attributed to the slope changes that
result in increased scale and intensity of vor-
tex structures, thereby promoting energy dis-
sipation. The trend of energy dissipation was
found to be linear and increased with down-
stream distance.

e It has been noted that the use of compound
slope as opposed to normal slope results in
increased TKE values. Furthermore, the in-
tensity of the turbulence generated on a com-
pound slope has been found to be greater
than that produced by other types of sloping
arrangements.

With this knowledge about the compound
slope’s hydraulic characteristics in hand, the
downstream slope can be modified to achieve the
desired flow rate. There has to be more research
done to form a complete vision. This provides a
viable option for thinking about the problem of
spillway design and operation.
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