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Introduction

A stepped spillway consists of steps that start from near the crown and continue to downstream
heel. Generally, the amount of energy dissipation in stepped spillway is more than the one of flat
spillways (with no steps) with the same dimensions. The high amount of energy dissipation caused
by steps allows reducing the depth of drilling of downstream stilling basin, length of stilling basin,
and the height of sidewalls. This way, a considerable economic saving is achieved in the
implementation of dams. Since spillways help reduce flow rate and increase intake airflow rate, they
can be referred to as a combination of a spillway and an energy dissipater. Some of the studies on
stepped spillways are as follows:

Launder and Spalding (1972); Olsen and Kjellesvig (1998); Chen et al. (2002); Tabbara et al.
(2005); Dermawan et al. (2010); Sori and Mojtahedi. 2015; Haji azizi et al. (2016)

So far, the studies on stepped spillways have been mostly on experimental and physical models.
However, experimental and physical models are costly and sometimes have limitations such as
required space and a large number of tests. This necessities consideration of further mathematical and
numerical models. Several numerical models can be introduced to analyze flow on a stepped
spillway. CFX is one of the numerical models. CFX has been known as one of the most robust
software for fluid flow analysis and heat transfer. The finite volume method (FVM) is a numerical
method to solve the governing differential equations, which is capable of simulating complexities of
a turbulent flow on a spillway appropriately. On the other hand, CFX numerical model uses the
coupled model, which increases the speed to achieve results considerably as compared to other
numerical models. This research aims at simulating a stepped spillway using CFX numerical model
and assessing the amount of energy dissipation under geometric parameters (such as spillway height,
spillway gradient, number of steps, and height of steps) and hydraulic parameters (such as flow rate).
The difference between this research and other studies can be attributed to the coherence and
correlation in studying various components (geometric and hydraulic parameters) and the ability of
CFX numerical number in replacing some of the costly and time-consuming tests.
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Material and Methods

CFX numerical model solves the equations governing flow (the Navier—Stokes equations) based
on the FVM. As the flow on the spillway is turbulent, both the Navier—Stokes equations and solution
of turbulent flow are needed. There are different methods to solve turbulent flows. Among them,
K —& model is highly used in modeling turbulent flows, which was also adopted in this research. In
stepped spillways, some parameters such as spillway geometry and the parameters related to flow
hydraulic will cause energy changes in spillway downstream. To examine this issue, this article
simulated different modes of step geometry and flow hydraulic using CFX numerical model.

t
relative to the length of the gradient face of a spillway) were used to assess energy dissipation. The
experimental data obtained by Salmasi (2003) were used to examine the accuracy of CFX numerical
model. Salmasi (2003) used the flumes with the widths of 25 cm and 50 cm for the tests.

Relations AH—H (energy dissipation relative to the total upstream energy) and 2H (energy dissipation
L

Results and Discussion

To examine the energy dissipation changes for number of steps, flow rates, and different gradients,
CFX numerical models for the spillways with the width of the 25 cm and 50 cm flumes were
calibrated and verified in proportion to the experimental results. After making the statistical
calculations of the results obtained from the spillway models with the 25 cm flume, the regression
coefficients (R?) for assessing the calibration and verification models were 0.98 and 0.91,

respectively. Also, conducting the statistical calculations of the results obtained from the spillway
models with the 50 cm flume, the regression coefficients for assessing the calibration and verification
models were 0.97 and 0.87, respectively. The results showed an acceptable correlation between the
experimental results and the numerical model simulated by CFX. After examining CFX numerical
models and confirming their accuracy, the amount of energy dissipation under the influence of
geometric parameters and hydraulic parameters of flow was assessed. The results proved that energy
dissipation reduces with the flow rate and/or spillway gradient increasing, which is due to the
reduction of roughness of steps caused by submergence of steps. With the increasing of number of
steps in a spillway, the triangular space between steps becomes smaller, which reduces the size of
spinning vortices on the steps, and consequently reduces energy loss. With the flow rate increasing in
a certain spillway, the gradient of curves reduces. In other words, the rate of changes of energy
dissipation in a spillway with fixed gradient and number of steps reduces with the flow rate
increasing, which indicates that the impact of steps on energy dissipation reduces with the flow rate
increasing. Assuming that the heights of stepped spillways are identical, the water flow on successive
steps in lower gradient takes a longer route compared with steep gradients. Consequently, L (the

vertical length of a step) increases with the gradient decreasing. Therefore, %Wi” be lower than the

spillway with a steeper gradient in the spillways with lower gradient. The increase of number of steps
and/or spillway gradients in a fixed flow rate reduces dissipation. The results show that the impact of
flow rate on energy dissipation is greater than the effect of gradient and number of steps on energy
loss.

Conclusion

This research simulated a stepped spillway using CFX numerical model. Meanwhile, the CFX
numerical models were calibrated and validated relative to an experimental model. The calibration
and validation results proved that the CFX numerical model responses were in good agreement with
the experimental results. After examining the CFX numerical models and confirming their accuracy,
we assessed the amount of energy dissipation under the influence of geometric parameters such as
spillway height, spillway gradient, number of steps, height of steps, and the hydraulic parameters
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such as flow rate. Research results showed that the impact of flow rate on energy dissipation exceeds
the one of gradient and number of steps on energy loss. With the flow rate or spillway gradient
increasing or with the number of steps in a spillway increasing, the effect of steps and relative energy
dissipation reduces. With the step height in a spillway with a fixed height increasing, the horizontal
length of steps increases, the number of steps reduces, and the energy dissipation increases. In this
mode, reduction of step height reduces energy loss and the rate of energy dissipation changes. The
results proved that energy dissipation increases considerably with the spillway height increasing.
With respect to the research results and examination of different parameters, it can be concluded that
CFX numerical model can be considered as an appropriate alternative for some costly and time-
consuming experimental methods due to the high accuracy of the results as compared with the
experimental results and low computational cost.
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Fig. 3-The simulated test of the five numbers step for the 148 lit/s/m flow
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Fig. 7- Energy dissipation changes due to the flow increment in the spillway (a) The 15-step
spillway with 25 cm wide for the various slopes (b) The 10-step spillway with 25 cm wide for the
various slopes
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Table 1- Comparison of the energy dissipation for the 10 and 15 steps spillway with the 25 cm
wide in the various slopes

Relative energy dissipation (%)

Number of ~ Slope Discharge per Discharge per unit
Steps (degree) unit v3v|dth (50 width (100 m¥s/m)
m?3/s/m)

10 15 60.37 38.41

10 45 37.65 23.03

15 15 57.92 38.00

15 25 47.63 30.36

15 45 35.18 20.18
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Table 2- The effect of the step nhumber on the energy dissipation with the 25 cm wide

Relative energy dissipation (%)

Slope Energy dissipation
(degree) Number of Steps Discharge per unit Discharge per unit difference (%)
width (50 m%/s/m)  width (100 m®/s/m)
15 10 60.37 38.41 -21.96
15 20 54.57 34.04 -20.53
Energy dissipation difference (%) -5.80 -4.38
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Table 3- The effect of the spillway slope on the energy dissipation with the 25 cm wide

Relative energy dissipation (%)

Slope Energy dissipation
Number of Steps (degree) Discharge per unit  Discharge per unit difference (%)
width (50 m3/s/m)  width (100 m%s/m)
10 15 60.37 38.41 -21.96
10 30 48.99 30.72 -18.26
Energy dissipation difference (%) -11.38 -7.69
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Fig. 9- The energy dissipation changes to the spillway with the various heights (a) the 15-step
spillway, (b) the 10-step spillway
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Table 4- The effect of the step height on the energy dissipation

Relative energy dissipation

Number of (%) Energy dissipation
Steps Slope (degree) 3 Ye difference (%)
P P
5 15 61.12 37.51 -23.61
5 25 55.72 29.63 -26.09
15 15 87.90 72.22 -15.68
15 25 85.82 69.27 -16.55
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Fig. 10- The energy dissipation changes versus y—h‘ (a) The 15-degree slope, (b) The 25-degree slope
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