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Abstract. In this study, the effect of an end sill angle on the hydrodynamic parameters of a stilling basin,
such as pressure, velocity, turbulence intensity, vorticity and energy dissipation, is investigated numerically.
Simulations are performed using RNG and VOF for turbulence and free surface models, respectively. After
verifying the numerical results with the experimental data, the effect of four end sill angles of 30◦, 45◦,
60◦ and 90◦ on the flow parameters in the stilling basin is analyzed. Results show that the stilling basin
with triangle end sill with angle of 60◦ has the best performance by dissipating 62% of energy.

1 Introduction

In high dams, stilling basins are employed to dissipate the extra energy of flow and protect the downstream against
scouring and erosion. Formation of hydraulic jumps in the stilling basin is a mechanism to dissipate energy. Using
blocks and sills with different geometries and arrangements increases the performance of stilling basin in dissipating
energy and consequently reduces the length of the basin. Hager and Li [1] classified different formed jumps over a
vertical sill (fig. 1).

As can be seen from fig. 1, the maximum sequent depth ratio occurs in the A-jump, and the sill has no effect on
the jump (fig. 1(a)). The B-jump occurs when the tailwater depth decreases and consequently the toe of the jump
moves toward the sill and the streamline pattern becomes curved over the sill (fig. 1(b)). The minimum B-jump is
the formation of a second roller at the downstream of the sill zone and a C-jump forms when the maximum difference
between the depth of the flow over the sill and the tailwater depth occurs (figs. 1(c) and (d)). By decreasing the
tailwater depth and increasing the disturbance of the flow, the D-jump forms and scouring is expectable (fig. 1(e)) [1].

In the recent years, many researches were performed to study the behaviour of the flow in stilling basins in different
conditions. Mardani et al. [2] analyzed the effect of installing blocks on the performance of stilling basins in different
block arrangements and hydraulic conditions, experimentally. Debabeche and Achour studied the effect of a continuous
sill on the hydraulic jump in a triangle channel [3]. Deng et al. presented the prototype measurements of pressure
fluctuations for a hydraulic jump and estimated the incident velocity to the end sill [4]. Yan et al. performed a statistical
analysis of pressure fluctuations at the bottom of spatial hydraulic jumps with abrupt lateral expansions. Tajabadi et
al. [5] studied the effect of using different end sill angles and standard USBR type on hydrodynamic parameters of
the flow in the stilling basin, numerically. Tokyay et al. [6] and Altan-Sakarya and Tokyay [7] performed a numerical
simulation of A- and B-jumps in a positive step and horizontal rectangular channels having an abrupt drop. Alikhani
et al. carried out experiments to evaluate the effects of a single vertical continuous sill and its position on control of
depth and length of a forced jump in a stilling basin without considering tailwater depth, which is variable and totally
controlled by downstream river conditions [8]. Behrouzi-Rad et al. performed experiments on a series of perforated sills
with different heights and ratio. Their results confirmed the significant effect of the perforated sill on the dissipation of
energy and reduction of the length of the basin [9]. Carvalho et al. based on a two-dimensional (2D) numerical model
and a re-normalisation group (RNG) k-ε for turbulence modeling, stated that Reynolds averaged Navier-Stockes
(RANS) equations are appropriate for hydraulic jump problems and the agreement between the numerical results
and laboratory measurements was satisfactory [10]. Kazemi et al. [11] represented the experimental measurements of
pressure fluctuations in stilling basin. Naseri et al. [12] numerically simulated pressure fluctuations in the stilling basins
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Fig. 1. Controlling flow using a vertical sill. Taken from [1].

with different inlet flow conditions using the volume of fluid (VOF) and large eddy simulation (LES) models for free
surface and turbulence. Liu et al. presented the results of a laboratory study on the turbulence structure of hydraulic
jumps with low Froude number (Fr) [13]. Zobeyer et al. investigated turbulence characteristics of the transition region
from hydraulic jump to open channel flow [14]. Valero et al. carried out numerical investigation of USBR type III
stilling basin performance at different Fr and showed that, when a stepped chute is considered, the flow is continuously
fed with turbulence throughout the spillway chute, and the turbulence generated via impingement is smaller than for
a smooth chute [15]. Traditionally, physical models were used as a safe way to analyze the flow through or over the
hydraulic structures [16–22]. However, today, using numerical simulations along with the experimental data is the
cheapest method to solve complex problems in hydraulic engineering [23–29].

Although many studies have been carried out on flow parameters in stilling basins with different conditions, few
attempts have been made to numerically simulate the end sill geometry and its effect on the flow behavior in the basin.
The aim of this study is to show the effect of the end sill angle on the hydrodynamic parameters of stilling basins.
After validation of the numerical model, pressure, velocity, vorticity, turbulence intensity and energy dissipation in
the presence of four different end sill angles were compared and analyzed.

2 Materials and methods

RANS equations of fluid motion in 3D form were solved based on the finite volume method (FVM) using the Flow 3D
software. For simulating the rigid surfaces, the fractional area-volume obstacle representation (FAVOR) was employed.
The VOF method also was used to track the free surface [30]. The general governing RANS and continuity equations
for incompressible fluid, including the VOF and FAVOR variables, are the following:

∂(uAx)/∂x + ∂(vAy)/∂y + ∂(wAz)/∂z = 0, (1)
∂ui/∂t + (1/VF )(uiAi∂ui/∂xi) = (1/ρ)(∂P/∂xi) + gi + fi, (2)

in which u, v and w represent the velocities in the x-, y- and z-direction, respectively, VF is the volume fraction of the
fluid in each cell, Ax, Ay and Az are the fractional areas open to the flow in the x-, y- and z-direction, respectively, ρ
is the density, i shows the coordinates direction (i.e. x, y, and z), P is defined as the pressure, gi is the gravitational
force in the subscript direction and fi represents the Reynolds stresses for which a turbulence model is required for
closure. In order to verify the numerical model, the experimental data of the Khodafarin stilling basin model was used.
Plan and longitudinal section of the stilling basin are shown in fig. 2 [31].
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Fig. 2. Plan and longitudinal section of the Khodafarin stilling basin. Taken from [31].

Fig. 3. Physical model of stilling basin. Taken from [31].

Fig. 4. Mesh blocks in the numerical model.

The first part of the stilling basin has a length of 0.83m and 1V:2H. Then a basin with horizontal bed with a
length of 3.71m is located where two rows of blocks and a stepped end sill are located on it. All the components of
the basin are made of plexiglass and blocks are made of wood. The physical model of the stilling basin is shown in
fig. 3 [31].

In order to study convergence and accuracy of the numerical model, two different mesh blocks with different cell
sizes were selected (fig. 4).
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Table 1. Boundary conditions in the numerical model.

Boundaries Xmin Xmax Ymin , max Zmin Zmax

Block 1 Volume Flow Rate Continuative Wall Wall Symmetric

Block 2 Continuative Specified Pressure Wall Wall Symmetric

Fig. 5. Initial conditions imposed on the numerical model.

 

0

5

10

15

20

25

1&2 0.75&1.5 0.5&1 0.3&0.6

Pe
rc

en
t o

f d
ev

ia
tio

n

Size of cells (m) 

Fig. 6. Sensitivity analysis of the mesh size in the numerical model.

Table 1 shows the defined boundary conditions of the numerical model. At the inlet of the mesh block 1, the volume
flow rate (with Q = 0.546m3/s in the physical model) was considered, and, for the outlet of the mesh block 2, the
specified pressure (with H = 0.17m in the physical model) was considered. To simulate the atmospheric pressure on
the top surface of the mesh blocks, the symmetric boundary condition was employed. Moreover, the wall boundary
condition in form of no-slip was selected for the bottom and sides. For possibility of comparison between hydrodynamic
parameters, all cases after verification were simulated in the same Fr equal to 3.56.

As the initial condition, the hydrostatic pressure in the z-direction and water as an incompressible fluid with
density 1000 kg/m3 and dynamic viscosity 0.001 kg/m/s at 20 ◦C were defined, to reduce the time of calculation and
provide a faster stability in the numerical model (fig. 5).

In order to obtain the optimum size of cells, the sensitivity analysis was carried out for four different sizes of cells
in both blocks as 1-2, 0.75-1.5, 0.5-1 and 0.3-0.6, in which the first and the second number are the size of cubic cells
for the first and second blocks, respectively.

As can be seen from fig. 6, the percent of deviation represents the difference between the measured values in
numerical and physical models for the velocity parameter in the tail water, which shows cells with size of 0.3-0.6 have
acceptable results, and therefore it was selected. As for previous researches, the RNG turbulence model combined
with the VOF method has a good performance in simulating the stilling basin [32–34]. Therefore, the RNG turbulence
model was selected in this study.



Eur. Phys. J. Plus (2018) 133: 10 Page 5 of 7

Fig. 7. Dimensionless pressure profiles in different end sill angles.

Fig. 8. Dimensionless velocity profiles in different end sill angles.

3 Results and discussions

In this research, hydrodynamic parameters, such as pressure, velocity, turbulence intensity, vorticity and energy dis-
sipation, were numerically calculated and analyzed for understanding the flow behavior in the stilling basin with
different end sill geometries. Figure 7 shows dimensionless pressure profiles for stilling basins with a triangle end sill
with different angles including 30, 45, 60 and 90 degrees.

As is clear from fig. 7, where yg is the jet thickness below the gate at full opening condition (0.28m in the physical
model) and γ is the specific gravity of water, blocks and end sills with different angles cause the velocity to be reduced
and the pressure to be increased in the basin. Changes in the end sill angle have modified the pressure profile, in
particular over the end sill. At the location of the end sill, the pressure in the stilling basin with end sill angles of 30◦,
45◦ and 60◦ compared with that of 90◦ was increased by about 33%, 32% and 29%, respectively. Moreover, looking at
fig. 7, changing the angle of the end sill has little effect on the pressure at the downstream of the end sill, while pressure
reduces significantly and becomes constant. Dimensionless velocity profiles for four different end sill angles are shown
in fig. 8 where Vg is the flow velocity below the gate at full opening and is equal to 5.8m/s in the physical model.

As can be seen from fig. 8, in all cases, due to the presence of return flow and vortices, the velocity at the beginning
of the basin is negative. The effect of the end sill with an angle of 60◦ compared with that of 90◦, 45◦ and 30◦ on
the decreasing velocity of the flow is greater by about 4%, 13% and 17%, respectively. Also, the flow velocity at
the downstream of the end sills decreases due to the increase in the pressure. Regarding the definition of turbulence
intensity (I) [30], this parameter was analyzed at different end sill angles in fig. 9.

According to fig. 9, at the beginning of the stilling basin, in all cases, due to formation of hydraulic jump and return
flows, turbulence intensity is high and near the end of the basin, it decreases and, finally, in the tail water becomes
constant. In fig. 10, the vorticity parameter (Wy) [30] in the y-direction (xz-plane and during the longitudinal axis of
the basin) is analyzed.
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Fig. 9. Turbulence intensity profiles for four stilling basins.

Fig. 10. Vorticity in y-direction at different end sill angles.

Fig. 11. Energy dissipation ratio in different end sill angles.

Figure 10 shows that the vorticity parameter in the y-direction is negative in all cases (because the amount of
vorticity increases and the rotating direction changes due to the impact of the flow with blocks and end sill). In general,
the end sill with an angle of 60◦ causes more reduction of vorticity, around the y-direction, compared with the end
sills with angles of 45◦, 30◦ and 90◦ by about 3.5%, 30% and 90%, respectively. Figure 11 shows the energy dissipation
ratio at different end sill angles, where ΔE = E1 − E2, E1 = V 2

1 /2g + P1/γ, E2 = V 2
2 /2g + P2/γ.

As can be seen from fig. 11, the effect of the end sill angle the on energy dissipation ratio is not considerable;
however, an end sill with an angle of 60◦ has better performance compared to other angles.



Eur. Phys. J. Plus (2018) 133: 10 Page 7 of 7

4 Conclusions

In this numerical study, the effect of the end sill angle at the end of a stilling basin on the hydrodynamic parame-
ters, such as pressure, velocity, turbulence intensity, vorticity and energy dissipation, was studied. Simulations were
performed by employing RNG and VOF as the turbulence and free surface models. After verifying the numerical
model with the experimental data, four different end sill angles, including 30◦, 45◦, 60◦ and 90◦, were simulated and
analyzed. Results show that at the location of the end sill, pressure increases in the stilling basin with end sill angles
of 30◦, 45◦ and 60◦ compared with that of 90◦ by about 33%, 32% and 29%, respectively. The effect of the end sill
with angle of 60◦ compared with the end sill with angles of 90◦, 45◦ and 30◦ on decreasing velocity of the flow was
more about 4%, 13% and 17%, respectively. At the beginning of the stilling basin, in all cases, due to the formation
of hydraulic jump and return flows, the turbulence intensity is high and near the end of the basin, the turbulence
intensity decreases and, in the tail, water becomes constant. In general, the end sill with angle of 60◦ causes a greater
reduction of vorticity around the y-direction, compared with end sills with angles of 45◦, 30◦ and 90◦, by about 3.5%,
30% and 90%, respectively. Finally, it was found that the effect of the end sill angle on the dissipating energy of the
flow is not considerable.

The authors would like to thank the Hydraulic Structures Division of the Water Research Institute for their kind cooperation
in using experimental data.
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