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Abstract

Stepped spillways are a typical configuration that is used for releasing water and floods from an
embankment dam. Moreover, the stepped chute helps to enhance energy dissipation. Stepped spillways
have been investigated for more than three decades and in more advanced studies the flow over
spillway has been investigated by numerical methods. In this paper, three models of stepped chutes,
including flat steps, quarter cut steps, and Half- cut steps were numerically simulated using InterFOAM
solver in the OpenFOAM package. The volume of fluid (VOF) method was employed to determine the
position of the free surface, and the Realizable k- was used as turbulence model. The results indicate
that, among all the configurations, the half cut steps were the most effective, such that the energy
dissipation was improved up to 8%. Moreover, it was observed that, when discharges increased, the
energy dissipation rate decreased as it entered a phase where the impact of the shape of the steps was
little.
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1 INTRODUCTION e e
The spillways structure should have enough discharge hydraulic jump stilling basins are made [3]. The stilling

and floodwaters capability to prevent the dam from being  pasing are a common type of energy dissipater structures. A

damaged. At the time of releasing surplus water, the  go0d energy dissipater design can reduce water velocity
spillway is at risk of scouring and erosion due to high
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without destroying the hydraulic structures [4]. Flow
regime change through a hydraulic jump is the main
concept of energy dissipation [5] . The design of the stilling
basin can, for instance, vary from the basic to complex
structures with rows of chute boxes, baffle piers, and
dentate [6]. It is important to keep the size of the stilling
basin (at the foot of the spillway) as short as possible [7, 8,
9]. To this end, one solution is a stepped spillway. A
stepped spillway is defined as a spillway with steps on the
chute and it is utilized to improve energy dissipation [9].
The water flows over the steppes before reaching the end of
the chute. In this process, the velocity of the flow reduces.
Hence, the downstream energy dissipater basin can be
eliminated and thus the construction costs will reduced [4].

Many studies have shown that the energy losses reduce
with an increment of discharges as it enters a phase where
the impact of the steps is exceptionally little, and a stepped
chute seems alike to a smooth one [10, 11, 12]. Chanson [3]
and Boes and Hager [13] establish that the energy
dissipation does increase with the given height of the dam
and its air concentration. Chinnarasri and Wongwises [14]
studied the energy dissipation by investigation the impact of
changes in the steps geometry, including configuration with
horizontal steps, inclined steps, and steps with end sills.
They observed that the energy dissipation increases by
using steps with end sills for slope 45°. Felder and Chanson
[15] conducted experiments on pooled and flat stepped
chutes with gradients of 8.9° and 26.6°. The results showed
that energy dissipation in the pooled stepped spillway is
larger than in the flat stepped spillway with a smaller slope.
In the pooled stepped spillway, the mean air concentration
is larger than that in the flat stepped spillway. Zhang [16]
has provided an investigation on the energy dissipation for
stepped spillways with various types of uniform steps. The
results showed that the energy dissipation was similar in all
except chamfered chute at large discharges.

In addition to the above experimental studies, the flow
hydraulics on the stepped spillway has been numerically
examined in order to lower cost and save time. In the
common numerical studies of stepped spillways, the flow
over the stepped chute was studied by the Volume of Fluid
(VOF) model with turbulence closures of the k-¢ family.
For instance, Chen et al. [7] simulated the WES standard
stepped spillway profile by utilizing St k- model and VOF.
They found that the features of the velocities and pressure
distributions of the numerical and physical models were
comparable. Cheng et al. [17] have used St k-¢ model and
VOF to analyze air in the water flow over steps of
downstream face. They concluded that with the increased
discharge, the void fraction is decreased. Qian et al. [18]
have simulated water flow over stepped spillway using four
turbulence models: SST k-o model, v2-f model, Realizable
k-¢ model and LES model. They have validated the
numerical models against experimental data in three
aspects: mean velocity, the spanwise vortices and boundary
layer thickness in streamwise direction. They observed that
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realizable k-g was the most effective turbulence model in
the simulations. Kositgittiwong et al. [8] have studied flow
velocity distribution along a stepped chute using five
turbulence models (St k- €, RNG k- ¢, Realizable k- ¢, St k-
o and k-0-SST) with VOF. They found that Realizable k- ¢
provided slightly better results with the lowest deviation in
terms of the root mean square error. Cheng et al. [19] have
compared the 2-D simulation outputs with three physical
models for characterizing the flow over stepped spillways.
The numerical model was based on the VOF model and
RNG k-g¢ model for simulations. The simulations outcomes
were in acceptable concurrence with the experimental data
for velocity profiles. Shahheydari et al. [9] first validated
the numerical model with experimental data. After that, the
rates of energy dissipation were studied for several spillway
layouts. They found that the discharge coefficient has an
inverse relationship with the energy dissipation rate, and
also observed that the energy dissipation rate increased
when the spillway slope decreased. Tabari and Tavakoli
[20] studied the impacts of the stepped spillway geometry
with slope 45 on the energy dissipation using a numerical
model of Flow-3D and concluded that the energy losses
increased with reducing discharges and it reduced with the
number of steps increments and their height diminishes.
Hekmatzadeh et al [21] simulated flow on a stepped
spillway with a mix of plain and a pooled step. The results
indicated that if the spillway slope is larger than 14°, the
plain stepped chute is more compelling than pooled stepped
chute with respect to energy dissipation. The recent studies
which focused the non-aerated region over stepped spillway
with ogee-crest weir have provided good comparisons of
water depths ,and velocity profiles and development of the
boundary layer [22, 23, 24]. Wan et al [25] used VOF and
realizable k- ¢ model to define the inception point of air
entrainment in different stepped spillways, including plain
steps, pooled steps, and round steps. The results indicated
that as the step height decreased, the air entrainment
decreased, and with respect to aeration, the round stepped
spillway was the optimum design.

In this numerical work, an attempt to improve the
energy dissipation employing novel step shapes which are
quarter- cut steps and half-cut steps. Numerical experiments
were performed by the InterFOAM solver in the
OpenFOAM software, applying the VOF method and the
realizable k-¢ turbulent model.

2 MATERIALS AND METHODS

Numerical modeling is a generally used method
achieved with the help of a computer to solve the Navier—
Stokes equation, which is based upon mass conservation,
energy, and momentum. CFD software is used to simulate
the stepped chute configurations. Three kinds of stepped
spillway configurations with various step dimensions and
configurations utilized are listed in Table 1. In order to
investigate the rate of energy dissipation performance for all
configurations under the same criteria, both the height of the



spillway and the chute slope angle were considered constant
for all geometries.

Table 1: Characteristics of configurations of stepped
spillway

Models M1 M2 M3
Step Geometry
L(m) Flat Quarter Cut  Half Cut
Step Height 0.1 0.125 0.15
(m)
Step Length 01 01 01
(m) . . .
Number of step
12 12 12
(N)
Slope 45° 45° 45°

In this paper, the meshed domain was defined as a 2-D
model of flow over a stepped spillway. The meshes were
created using the GMSH software as shown in Fig (1). The
structured grid generation that is used in this study is highly
recommended in the literature as well [26]. Moreover, mesh
size has been determined carefully to obtain accurate
results. The computation domain was discretized within a
structured mesh with the size of 0.01 x 0.01 m? quadrilateral
cells. For all models investigated, four boundary conditions
were defined. The water inflow boundary was set as a
velocity-inlet condition and obtained based on the range of
flow rates 0.083 < Q < 0.216 m%sec. The outlet boundary
condition was characterized as an outlet pressure to permit
the water to flow out freely. Additionally, the atmospheric
pressure was considered at the free surface boundary, and
Walls were assumed to have the no-slip condition.
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Fig. 1 Boundary conditions of structured mesh for stepped
spillway configurations

2.1 Reynolds-Averaged Navier—Stokes
(RANS)

The mathematical model considers the RANS equations
are applied to isothermal, immiscible, incompressible flows
describing the air —water, two —phase flow, problem [7, 27],
by utilizing the traditional VOF (Volume of Fluid) tracking

approach of a free surface, coupled with the turbulence
closure models. The well-known Reynolds averaged
Navier-Stokes formulas [28, 29] are the governing
equations used in this work.

The Navier-Stokes formulas [(Eqg. 1) and (Eg. 2)] can
be composed as an equation for mass conservation and an
equation for momentum conservation as:

V.u=0,

M

@

where, t is time, u is the mean component of the
velocities, p is density, p* is the modified pressure, g and h
are gravity and position vectors, F is the volumetric surface
tension force, perr =(U+ W), W is the molecular viscosity,
and  is the term of turbulent viscosity, which can be
determined by the turbulent model

d
T (pw) + V. (pun) = V. (esfVu) = —Vp* — ghVp + F,

2.2 The Volume of Fluid (VOF)

One of the main features of a stepped spillway is the air
entrainment that causes two-phase flow. For analyses of
two-phase flows in OpenFOAM, a VOF can be used and for
a fixed Eulerian mesh, based on each fluid fraction, all the
variables in every volume are computed. The advantage of
the VOF is that a simple fluid model can be developed by a
single equation [22, 7, 30]. To this end, the continuity
equation for the volume portion of water is presented by Eq.

3):

Ja
— +V(uay,) =0

Py ©)

In the VOF mode, as the water and air phases share the
same velocity and pressure field, the two-phase flow can be
considered as a single-phase flow, where the turbulence
model is homogeneous [7]. By solving Eq. (1), the free
surface of water can be resolved. In all the computational
cells, a fraction of water (aw) and air (aa) is considered

such that: &, = 1 — a,,,. Therefore, the density (p) and
molecular (l) viscosity can be described by Eq. (2) and (3),
respectively:

p = aypy + (1 —ay)pg, 4)

(®)

where, pw and pa are the density and uw and pa are the
molecular viscosity of water and air, respectively. The
maximum and minimum values of aw are 1 and O,
demonstrating that the given cell is filled up with water or
air, respectively.

With the assistance of the Reynolds-averaged Navier—
Stokes (RANS) equations [28], a two-phase flow is
described in terms of a single pressure and velocity field
that can be solved by the InterFOAM solver based on the
VOF phase fraction.

H=ayly + (1 —ay)ig,
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2.3 Realizable k- € Model (R1 k- €).

In order to model the flow over a stepped chute by Eq.
(1) and (2), a turbulence closure is required. The realizable
k — ¢ model is a modification over the standard k— & model
that is given for a higher Reynolds number in the turbulence
flow. The governing equations for this model; one for k, the
other for ¢ are given through the following Eq. (6) and (7).

a(k)+a(k)—a(+“t)ak +G,+G Y,

at P T g, P T o |\ T G o | T T I T PET M ()
+Se

a( )+ 7( )—V[( +”t)v]+ C,Se — pC &

5 (e paw) =V |(u+ ) Vel + pCiSe = pCor— s (7)

&
+ ClsEC&EGb + S,
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n+5:77— g' =( ijij) ,

C; = max [0.43

where: v = kinematic viscosity, G is added because of

the impact of the turbulence on the Kkinetic energy because

of the mean velocity in the gradients, Gy, is the generation of

turbulent Kinetic energy because of buoyancy, Ywm is used as

the fluctuating expansion that is given in the turbulence.

The equations incorporate some adjustable constants as: S,

Sk that are user-defined source terms, C;. = 1.44, C;, = 1.0,
ok=1,0.=1.2,and C, =1.9.

2.4  Energy Dissipation Equation

For efficient structure, it is important to decide the
quantity of energy dissipation in stepped spillways, AE/Et,
at the downstream end of the stepped spillway [11, 31],
where AFE is the total head loss (AE = Et - Hys), Et is the
maximum upstream head, and Hyes is the residual energy
calculated as:

90
H,ps = f (1—-0C)dy X cos +

y=0

9w’

2xgx (f;fg(l - C)dy)

~+7, (8

where, C is the void fraction, y is measured
perpendicular to the pseudo-bottom formed by the step
edges, Yoo is the depth where the local air concentration is
90% and Z is the step edge elevation above the datum.

3 RESULTS AND DISCUSSION

3.1 Numerical Validation

In this section, the validation of numerical results
through experimental data is discussed. The validation
consists of wvelocity profiles and energy dissipation.
Experimental data obtained from Zhang and Chanson [32]

were used to validate the numerical outcomes through the
comparison of the velocity distribution, and energy
dissipation. Fig (2) shows water fraction and velocity
vectors distribution of flow on the stepped spillway. As it
can be seen, the velocity vectors rotate clockwise above the
horizontal surface of the step and the velocity increases
from the center of eddies to the flow surface. Hence, the
energy dissipation is carried by the recirculated flow in
under pseudo-bottom.

T
Fraction of water
0.1 02 03 04 05 06 07 08 09
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0 1

Water volume fraction

Velocity Vectors
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Fig. 2 Water volume fraction and velocity vectors on
stepped chute at slope 45° for Q = 0.145m?%/sec

Fig (3) shows a comparison of the velocity profiles
between the laboratory measurements and the numerical
simulation, where the measurement of the velocity was
taken to the pseudo-bottom from the first step edge.
Through the mean absolute percentage error (MAPE)
represented by Eq. (9), the numerical simulations produced
reliable and acceptable results.

100
MAPE = ——
n

At_Ft
Ag

, ©)

where, n is the number of stations, A is the laboratory
values, F is the forecast value.
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Fig. 3 Comparison of velocity distribution between numerical

For various discharges, within the range of 0.083 <Q <
0.216m%/sec, the energy dissipation over a stepped chute
was simulated. As it can be seen in Table 2, the numerically

outcomes and experimental data in some sections.

obtained outcomes are very similar to the experimental
results reported by Zhang and Chanson [31], indicating a
high degree of accuracy of the numerical experiments.

Table 2:The experimental and numerical energy dissipation results of the last step for flat steps

AE/E¢

h L Q - - Error
Reference ® Hdam N 3 dc/h Experiment Numerical
(m) (m) msec Results Results %
0.057 0.7 0.61 0.622 1.967
0.083 0.9 0.63 0.602 4.444
0.098 1 0.63 0.605 3.968
Cﬁ;‘ﬁ;‘gna&fjll 45 12 12 01 01 0112 11 0.62 0.601 3.065
0145 1.3 0.60 0.572 4.667
0179 15 0.57 0.534 6.316
0216 1.7 0.53 0.501 5.472

3.2 Effect of cut steps on Energy Dissipation

The influence of steps cut on the rate of energy
dissipation for all models is discussed in this section. Fig (4)
shows the water volume fraction of flow, indicating
recirculating flow in step cavities. Furthermore, there were
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continuous exchanges of air and water, and momentum
between the mainstream and atmosphere while intense
cavity recirculation was observed. Vortices were presented
within the step cavities. These vortices are maintained
through the transport of momentum by turbulent motions
between the flow stream and the recirculating fluid



underneath. As illustrated in Fig (4), the main cause of the

energy dissipation on stepped spillways were the
NS
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Fig. 4 Water volume fraction and velocity vectors on stepped chute with quarter and half cut steps for Q = 0.145m%/sec

Fig (5) shows the effect of the stepped spillway with
steps cut on the energy dissipation performance. It can be
seen that, the energy dissipation has an inverse relationship
with the discharge. As the flow rate increases, the energy
dissipation at the end of the chute decreases.

0.75 OFlat steps (M1)
O Quarter Cut Steps (M2)
0.70 - A AHalf Cut Steps (M3)
A
0.65 a
o ° o
o A
060 O o
= a
=
< 055+ 4
o a
0.50 - Q
0.45 -
0.40 : ; ; : : ‘
0.07 0.095 0.12 0.145 0.17 0.195 0.22
Q(m3/sec)
Fig. 5 Effect of steps cut on the rate of energy dissipation
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The results show, half-cut steps (M3) have better dissipation
than quarter-cut steps (M2); and, M2 has better dissipation
than flat steps (M1). In which the total energy dissipation
for M3 ranged from 52 to 69%, M2 ranged from 50 to 62%,
and M1 ranged from 50 to 60%.

4 CONCLUSION

In this numerical work, an attempt to improve the energy
dissipation using novel step shapes which was; flat step,
quarter-cut steps, and half-cut steps. Based on the results
obtained in this study, the main conclusions are:

1. The findings from this study are an indication that

the VOF and Realizable k- & model through
InterFoam solver is a powerful tool to simulate the
flow over the stepped spillway and helps in better
understanding of the flow behavior for more
accurate design of stepped spillway.
It was found that the main factor that affects
energy dissipation is the vortexes formed by the
recirculation flow. For all stepped chute models,
the energy dissipation reduces when the flow rate
increases.



The results indicated that that energy losses reduce
with an increment of discharges as it enters a phase
where the impact of the shape of the steps is
exceptionally little at Q = 0.216md/sec.

Among the three configurations tested, the half-cut
steps were the most effective, such that the energy
dissipation was improved up to 8%.
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