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Simulation of flow over stepped and traditional spillways
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ABSTRACT

There are several challenges that are faced by these structures, such as cavitation and high speed of flow
during the dissipation of flow energy. The spillway is one of the key basic elements of dams that are utilized
to pass huge volumes of discharge. The current work used computational fluid dynamics (CFD) to
numerically estimate the water surface flow and pressure distribution over stepped and traditional spillways.
The numerical findings were compared with experimental data using the Renormalization group k- model.
The numerical and experimental data have been compared, and it has been determined that there is an
acceptable agreement between the two sets of findings.
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1. Introduction

The spillway is one of the main constituent parts of dams that are used to pass large amounts of discharge, and
there are many difficulties facing this structures like cavitation and high speed of flow during the dissipation of
flow energy. It contains a full integration of problem specification, analysis, and results display, in addition to
other characteristics such as a sophisticated coupled solver that is reliable and robust. Finally, it includes a setup
procedure that is user-friendly and interactive, consisting of menus and sophisticated graphics. Many
researchers have used it to simulate the flow across spillways by employing a variety of techniques and software
applications, such as ANSY'S cfd as well as opening foam [1-5].

Ismael et al. [6].The authors used two-phase flow to simulate the flow field over step pool spillway by
k-epsilon model and compared numerical result with experimental data. They found that the mixture
model with the Reynolds stress turbulence model are more agreement with experimental results. The
VOF method was utilized by Zang et al. [3] in order to simulate the turbulent flow in the 3D flow field
of the spillway. The experimental data and the numerical results for the surface elevation, flow
velocity, and pressure along the spillway match up quite well. The installation of a breaker over a
stepped spillway causes an increase in the amount of energy that is lost. Zhan et. [1]In order to model
the skimming flow, we made use of three distinct numerical approaches: the volume of fluid (VOF),
the mixing, and the Eulerian methods. The experimental value is most closely matched by the air
volume fraction that was anticipated using the VOF+LES approach. The aim of this study is to
simulate the free water surface flow, pressure distribution and velocity distribution on traditional and
stepped spillway. The experimental results of traditional and stepped spillway were compared to the
numerical results.
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2. Methods

This study demonstrates the simulation of a free water surface flow, pressure distribution and velocity
distribution on traditional and stepped spillway. The geometry consists of a 3D channel in which the bottom of
the channel is interrupted by a traditional and stepped spillway with semicircular crest of radius 6¢cm. The normal
inlet speed is range from (0.008 to 0.1898 m/s) for traditional spillway and from (0.017 to 0.178 m/sec) for
stepped spillway; the incoming water has a turbulence intensity of 5% as shown in figures 1 and 2. The flow
upstream of the customary and stepped spillway is subcritical.

Physical Model used in the Present Study

Two types of spillways are detailed as follows;

i) The smooth spillway) with downstream slope (0=53.13'=V:H=1:0.75), flow discharges of 1.28, 4.03,
8.67,17.53,25.62 and 38.82 L/sec were used.

i) Stepped spillway with downstream slope (0=53.13'=V: H=1:0.75), number of step Ns=3, h = 0.06 m and | =
0.0448 m and flow discharges are 2.79, 5.82, 14.85, 18.58, 22.22 and 34.82 L/sec, respectively.
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Figure 1. Traditional sillwayand piezometer location with simicircular crest
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Figure 2. Stepped spillwayand piezometer location

2.1. Mesh refinement

In contrast, structured quadrilateral meshes will, in most cases, cause cells to be put in areas of the flow domain
where they are not required, whereas triangular meshes make it possible for cells to congregate in certain
portions of the flow domain. (Pulliam, 1994). As seen in figures 3 and 4, quadrilateral elements have the ability
to accommodate a significantly higher aspect ratio than triangle cells, which is one of the characteristics that
could potentially make quadrilateral elements more cost-effective in certain contexts. For a typical spillway, the
tetrahedral mesh should have 88890 nodes and 426362 elements, respectively as can be seen in Table 2 below:
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Table 2. Quality of the simulation's mesh according to the analysis

Weir diameter Obligueness angle Mesh Skewness Cell class
0.114 90 0.067 Excellent
0.114 135 027 Good
0.114 150 0.26 Good

0.09 90 0.059 Excellent

0.09 135 0.26 Good

0.09 150 0.26 Good
0.0635 90 0.078 Excellent
0.0635 135 0.26 Good
0.0635 150 0.25 Excellent

0 000 0 350 0700 (m)
T 000 ——— )
0175 0525

Figure 3. Mesh generation of traditional model in (ANSYS) ICEM CFD
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Figure 4. Mesh Generation of Stepped Model in (ANSYS) ICEM CFD).
The equations for k and & in the RNG k- & turbulence can be determined as shown below:
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Where: ay,a, = inverse effective Prandtl amounts for k ande,u.sr= effective viscosity= p + p;,Ci =
1.42,C, = 1.68,C3, = 1.0. The term R, = C,pn>(1 —n/no)e®/k(1 + Bn*)where:C, = 0.0845, n, = 4.38,
B = 0.012.

3. Results and discussion

ANSYS (CFX) program was used to develop numerical models for the two physical models in order to study
the water surface profile and pressures along the center line of traditional and stepped spillway. The simulation
was verified with the physical model test data. This verification consisted of: (i) flow water surface profiles
along traditional and stepped spillways and (ii) pressure head distribution over smooth and stepped spillway.
Water surface profile Water surface profile simulated by Fluid flow CFX. The predicted data were compared
with measured results (Tadayon and Ramamurthy 2009). The outcomes of the simulations carried out using the
numerical model are presented in Figures 5 and 6. Figures 7 and 8 illustrate the water velocity vectors for a
standard spillway and a stepped spillway, respectively. According to these numbers, there is a good agreement
between the results that were predicted and those that were measured, with a maximum error rate of 3.2%.
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Figure 5. Comparison between calculated and experimental data by ANSYS CFX for Water surface profile
over traditional model.
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Figure 6. Comparison between calculated and experimental data by ANSYS CFX for Water surface profile
over stepped model
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3D Viewer | Table Viewer Comment Viewer

Figure 7. Vector of water velocity over traditional model at Q5=25.62 I/sec by using
RNG K-Epsilon model

Figure 8. Vector of water velocity over Stepped model at Q5=22.22 I/sec by using
RNG K-Epsilon model
To make sure that the pressure distributions computed by the program Fluid Flow (CFX) are scientifically
acceptable and logically justified, the computed results are compared with those measured experimentally along
the surface of traditional and stepped spillway model starting from the crest as a zero- distance location.
Experimental and numerical results obtained from the Fluid Flow (CFX) program related to average pressure
distributions over the traditional and stepped spillway with semicircular crest were utilized to validate the
predicted results. Both measured and predicted average pressure head distributions over both types of spillway
are shown in figures (9 and 10). For completely discharge rates. the average pressure head decreases with
increasing the discharge at the crest of traditional and stepped spillway, while; at the end of sloping straight line.
The minimum pressure occurs in a region at the crest, after the crest and at piezometer No.4; the comparison
showed that there are some differences between the computed and measured results. These differences at the
region of crest are attributed to waves on the upstream water surface, whereas the differences at the toe region
are attributed to head fluctuations, high velocity, and high turbulence of flow. Additionally, in order to
differentiate the model performance, the Root Mean Square Error, or RMSE value, is calculated to compare the
average pressure head along the center line of the physical model to that of the predictive model. As a result,
the findings of the comparison revealed a high level of congruence between them. Because, the value of the
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RMSE is low and equal to 0.0233 at the discharge Qs=38.82 L/sec and 0.0266 at the discharge Qs=25.94 L/sec
for both traditional and stepped spillway which is reflect to a high accuracy in the numerical prediction. This
work demonstrates that a numerical model may successfully forecast flow variables over a complex stepped
spillway by making use of the variable order flow (VOF) technique.

—— Traditional spillway profile —— Numerical peizometric head —*— Expermental peizometric head
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Figure 9. Comparison between experimental and calculated Piezometric head by ANSYS CFX over
traditional model (No.1)
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—— Stepped spillway profile —— Numerical peizometric head —+— Expermental peizometric head

0.35 0.35
0.3 Q1=2.79 Lisec 03 (02=5.82 L./sec °
0.25 0.25
0.2 0.2
0.15 A 5N 0.15 | %)
o1 \'”":. o1 <2
0.05 " 0.05 y
T ° |
= 0.9 1 1.1 1.2 1.3 0.9 1 1.1 1.2 1.3
‘< 035 0.35
+ = Q3=14.85 Lisec 04=18.58 Lisec
=~ 03 N - 0.3
| 0.25 4\ 0.25
= \
— 0_2 ||I 0.2
’g 0.15 1 A 0.15
2 4 ! -
= 0.1 K\ 0.1
2 "
£ 0.05 0.05
S o v
E 0.9 1 1.1 1.2 1.3 0.9 1 1.1 1.2 1.3
g 035 0.4
n Q5=22.22 Lisec Q6=25.94 Liscc
0.3 0.35 M
0-25 0-3
0.2 0.25
0.2
0-15 0.15 Ial
01 0.1
-
0.05 0.05
0 0
0.9 1 1.1 1.2 1.3 0.9 1 1.1 1.2 1.3

Distance (X) in (m)
Figures 10. Comparison between experimental and calculated Peizometric head by ANSYS CFX over stepped
model (No.1).

4, Conclusion

A numerical simulation research using commercially available CFD software (CFX) was carried out in order to
examine flow characteristics for traditional and stepped spillway, which is a structure that is frequently used to
dispose of excess water and to quantify discharge. Simulations were carried out to determine the free water
surface flow, pressure distribution, and velocity distribution on both a standard and stepped spillway. According
to the findings of the study, a numerical model may successfully estimate flow variables through a complex
stepped spillway by employing the VOF technique.

A comparison was made between the experimental findings of a traditional spillway and a stepped spillway and
the numerical findings. The experimental and anticipated findings were able to reach a satisfactory level of
congruence. In conclusion, it is possible to assert that CFX is an effective tool for the resolution of hydraulic
issues that are associated with flow measuring structures.
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