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In recent decades, several studies of hydraulic characteristics of spillway have been 
conducted. At the initial stage of design, hydraulic characteristics of spillway shall be 
investigated thoroughly either experimentally or numerically to provide better insight 
of flow behavior and predicting any critical area which can endanger the structure and 
the environment. The present paper focused on the numerical study of free surface 
flow over the three dimensional (3D) unsymmetrical smooth spillway. This paper aims 
to investigate hydraulic characteristics by using 3D numerical simulation in terms of 
water surface profiles, surface velocity profile and velocity profile at the downstream. 
The governing equation of Reynolds-averaged Navier-Stokes (RANS) equation is 
numerically solved using volume of fluid (VOF) method and Realizable κ-ɛ (RKE) 
turbulence model. The numerical simulation successfully estimated hydraulic 
characteristics and show a good agreement in terms of profile pattern compared to 
establish papers. 
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1. Introduction 
 

The smooth spillway is a conventional hydraulic structure that been used to release a surplus of 
water over the crest down to the toe properly and prevent any damages to the surrounding by 
dissipating excess kinetic energy [1]. By combining with the stilling basin at the toe of the spillway, 
the efficiency of energy dissipation will increase. At the upstream of the spillway, crest or labyrinth 
been used to spill the water efficiently while the chute will function to carry down the upstream 
water to the stilling basin which functions as energy dissipator [2]. 

The experimental study shall be considered as the most reliable study, but the model setup can 
be a time-consuming process and costly compared to numerical study [3-5]. Alternatively, the 
numerical simulation had been used in many years to estimates the hydraulic performance of smooth 
spillway geometry. Several authors have focused on ogee-type and circular-type of smooth spillway 
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[1,3-7]. All these authors were focused on discharge coefficient, discharge flow, flow pattern, 
pressure characteristics, water surface profiles, and velocity profiles on certain critical areas. Most of 
them were used two-dimensional (2D) geometry except [5-7] where three-dimensional (3D) 
geometry was used in the numerical simulation of the spillway. Most of them were applying standard 
VOF method and κ-ɛ turbulence model such as standard κ-ɛ (SKE) [3, 7-8], re-normalization group κ-
ɛ (RNG) [6-7, 9-11] and realizable κ-ɛ (RKE) [7,12] which provide good agreement with the 
experimental result in terms of hydraulic characteristics. In previous literature, many researchers 
used and proposed RKE turbulence model for numerical simulation of spillway due to stability and 
performances [13-15]. 

In general, flow characteristics along the spillway can be categorized base on dimensionless 

Froude Number, Fr value. The Froude number can be defined as Fr = u/(gh)1/2 where u is the 
approach velocity (m/s), g is gravitational acceleration (m/s2) and h is the water depth (m). There are 
three types of flow conditions which are subcritical flow (Fr > 1), critical flow (Fr =1) and supercritical 
flow (Fr >1). The subcritical flow is a gentle flow while the supercritical condition is a rapid flow and 
the critical flow is the transition flow between subcritical and supercritical [2,8]. 

Water surface and velocity profiles of spillway are essential hydraulic characteristics for the 
researcher to investigate. In the open channel flow study, the water surface profile or water depth is 
unknown in advance compared to water flow in the pipe where the water depth will depend on the 
diameter of the pipe [2]. Both characteristics were depending on the water discharge, Q and the 
Froude number. Base on previous publish paper mentioned, commercial numerical simulation 
software such as ANSYS had been used to estimate and captured various hydraulic characteristics 
such as velocity profiles, pressure distribution, water surface profiles, turbulence kinetic energy and 
so forth. Thus, in this present paper aim to investigate of capability numerical model to estimate 
water surface profile and hydraulic characteristics along the 3D unsymmetrical smooth spillway by 
applying VOF method and RKE turbulence model. 
 
2. Numerical Simulation Methodology  
 

By using the geometry of the unsymmetrical smooth spillway model constructed at the hydraulic 
laboratory of Universiti Sains Malaysia (USM), 3D water flow simulation was performed by using 
ANSYS software to solve numerical simulation involving Reynolds Average Navier Stokes (RANS) 
equation. Spillway geometry with 10.9 m (Length) x 1.8 m (Height) x 3.7 m (maximum width) with 
the chute slope of 8.6 degrees had been drawn by using SpaceClaim tools which built- in the ANSYS as 
shown in Figure 1 below. 

This model consists of four main components which are a labyrinth, chute piers, smooth chute, 
and stilling basin. The water will flow from the inlet and flow over the labyrinth down through the 
chute piers and chute towards the stilling basin as depicted in Figure 2. 

Base on this solid geometry, volume extraction been generated to get a volume domain. In order 
to make the meshing process smoother, some modification on geometry had been done to replicate 
as per laboratory model, and the volume domain had been cut into five bodies for better mesh 
pattern. 
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Fig. 1. Detail of spillways geometry 

 

 
Fig. 2. Stilling basin region 

 
Due to the large and complex model, unstructured tetrahedrons mesh was applied to fit the 

unsymmetrical geometry. To provide a better boundary layer of flow in simulation, the inflation layer 
has also been applied at the bottom of the spillway geometry. The mesh rendering process 
successfully produces 2,335,718 elements with the minimum size of mesh was 1.5mm as shown in 
Figure 3. The minimum size of the mesh must be considered in this rendering process to prevent 
defeaturing occurred at the stilling basin region due to small geometry of baffles arrangement. 

The generated mesh had been assigned with the named selection for boundary conditions (Figure 
4). This name selections will provide initial information to the software about the boundary condition 
type that will be used during CFD-Post process in Fluent ANSYS. Due to VOF application, water and 
air domain had assigned during the meshing process while the fluid properties and phases will be 
determined during numerical setup in the Fluent module. 
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Fig. 3. The unstructured mesh of volume geometry 

 

 
Fig. 4. Volume domain and boundary condition 

 
After finishing the meshing process, the spillway simulation setup has been done in the Fluent 

module. In this module, the RANS equation was solved by using the VOF method outlined by Hirt and 
Nichols [17] and the RKE turbulence model introduced by Shih et al., [18]. The VOF method was used 

to track interaction between volume fraction of air, αa and volume fraction of water, αw by using 

transport equation [19]. Fluid properties of air and water had been chosen and the initial volume of 
each fluid also been determined in this module. The water flow had been setting in term of inlet 
velocity, and the free flow will be accumulated at the upstream region before it spills down to the 
downstream over the labyrinth. In this transient simulation, the total simulation time for the water 
to flow down to the end of the outlet boundaries was 18 seconds and the total calculation time had 
been recorded was 3.6 days by using provided workstation computer. The summary of the numerical 
setup was shown in Table 1. 
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Table 1 
Summary of numerical setup 
Numerical set up Details 

Total volume bodies 5 bodies 
Size function Proximity and curvature 
Minimum mesh size 1.5 mm 
Maximum mesh size 192.0 mm 
Inflation layer 5 layers 
Growth rate 1.2 
Nodes 617,705 
Elements 2,335,718 
Multiphase model VOF 
Turbulence model Realizable κ-ɛ (RKE) turbulence model 
Boundary conditions Water and air domain; Velocity inlet, pressure outlet and wall 

Inlet water flow, Q 0.060 m3/s 
Inlet velocity, u 0.051 m/s 
Total time step 1800 
Simulation time 18 s 
Calculation time 3.6 days 

 
3. Results and Discussion 
3.1 Results 
 

Base on a 3D simulation been conducted, hydraulic characteristics of water flow over the spillway 
are presented below in terms of water surface profile, surface velocity, and downstream velocity 
profiles (tailwater region). To analyze the result, the volume fraction of water which had a range of 
volume fraction 0 ≤ αw ≤ 1 was rendered, and the contour was depicted in Figure 5. The volume 
fraction contour provides the maximum water surface profiles simulated at the time value of 18s. 
The highest water depth was a sudden rise in the stilling basin went the high-velocity water flow 
collided with the baffle at the stilling basin region. This transition is called hydraulic jump phenomena. 

 

 
Fig. 5. Midplane volume fraction contour of the spillway 

 

All the results shown below were extracted and plotted base on αw = 0.5 and this condition which 

was considered as a standard setting to extract the average water surface profile from the results 
[10]. The water discharge flow over the crest down through the chute spillway was very shallow with 
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estimated depth 0.02m on the chute as shown in Figure 6 before the water depth arose back when 
the hydraulic jump occurred at the stilling basin region. The maximum water depth at the top of the 
labyrinth was estimated 0.03m, and maximum water depth estimated 0.09m occurred at the stilling 
basin area. 

 

 
Fig. 6. Water surface profile along the spillway 

 
Base on Figure 7 and Figure 8, the first peak of velocity occurred at the end of the labyrinth, and 

water flow starts to decelerate to the end of the flat basin before it accelerates back and reaches the 
maximum velocity at the stilling basin. The stilling basin was performed well to slow down the water 
flow from upstream before it accelerates back to the end of the boundary. The stilling basin 
successfully decelerate water flow by 40.16 % from the maximum velocity. 

 

 
Fig. 7. Velocity contour along the spillway 
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Fig. 8. Surface velocity profiles along the spillway 

 
The velocity distributions were plotted at the tailwater region after the stilling basin region and 

were depicted in Figure 9. At 15 location by using 50 samples point for each location, the graph 
provides a smooth pattern of velocity distributions. Base on this result, the transition from turbulent 
profile to the laminar profile was captured and been rearrange in the graph as shown in Figure 10. At 
z = 0.030 m, the local maximum velocity = 1.353 m/s and keep increase to end of the boundary at z = 
0.492 m with the local maximum velocity = 1.53 m/s. The water depth at this tailwater area slightly 
uneven where it keeps decreasing from 0.10450 m to 0.03231 m. 

 

 
Fig. 9. Velocity distributions from z= 0.030 ~ 0.492m 
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Fig. 10. Velocity profiles from z= 0.030 ~ 0.492m 

 
3.2 Discussion 
 

At the upstream region, water flow was in the subcritical condition where Froude No. (Fr) is less 
than 1 which can be observed from Figure 8 where the velocity is less than 1 m/s and water depth 
were high. The supercritical flow (Fr >1) occurred at the chute area, where the water flow accelerated 
by gravity with high velocity and the water depth was shallow. When the water reaches the stilling 
basin, hydraulic jump occurred, and the flow transformed to the subcritical flow again. The maximum 
velocity occurred when the water flow reached the stilling basin area. The hydraulic jump occurred 
in this region were assisted by baffle blocks to dissipate the excess kinetic energy of water flow [2,20]. 

By comparing Figure 9 and Figure 10 with other papers such as [3,8,19,21], the results showed 
similarity in terms of the pattern at a certain point as shown in Figure 11 and Figure 12. Figure 9 
indicates that the velocity gradually increased towards the channel and the acceleration will keep 
increasing until it reaches the equilibrium condition [2]. To get this result, the boundary of the 
downstream channel shall be extending to a certain range, and the equilibrium velocity profiles can 
be plotted. 
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Fig. 11. Velocity profiles on the flat rectangular flume after the weir [19] 

 

 
Fig. 12. Velocity profiles at multiple locations along the chute spillway [8] 

 
4. Conclusions 
 

The numerical investigation of smooth spillway with the unsymmetrical geometry by using VOF 
method and realizable κ-ɛ turbulence model was carried out. The numerical method applied 
successfully estimated water surface profiles, surface velocity profiles along the spillway and velocity 
profiles at the end of the boundary. The results indicate three peaks of maximum velocity before 
water flow reached the downstream channel and the laminar flow development after the stilling 
basin towards the channel. The numerical model successfully provides reasonably flow 
characteristics results and additional referral paper for researcher especially in the computational 
fluid dynamic field of research. With the motivation and confidence gained in this study, it is planned 
to use a similar method and software to further study on this geometry with multiple flow 
configuration and geometry modification by using establish validation method by comparing the 
numerical result with the experimental result. 
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