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Abstract 
Ski-jump spillways are the most important structures used when flow velocity exceeds 20 m/s. In the present study 
attempts have been made to study in detail the flow hydraulic parameters over ski-jump spillway. The development of 
computer science and different types of computational fluid dynamics (CFD) software, the behavior of ski-jump 
spillways can be studied in a short time and without paying high expenses. In this study, Flow 3D software has been 
used to simulate flow over ski-jump spillways and results were compared with experimental data. The model tests were 
carried out in a hydraulic flume for four distinct discharges. The volume of fluid (VOF) method is applied to obtain 
the free surface. The computational results showed a close agreement with experimental data obtained in the 
laboratory. 
Keywords: ski-jumpspillway, CFD model, Flow 3D, Fluent, VOF. 
 
1. INTRODUCTION 
Energy dissipating structures are constructed at the end of spillways discharge channels to dissipate the 
extra energy. In general, hydraulic jump stilling basins, roller buckets, ski jump buckets or other energy 
dissipating structures are implemented for dissipating the extra energy. If the selected choice for the 
energy dissipation is a ski jump or a flip bucket, a curved circular surface called bucket will be founded at 
the end of spillway chute to cause the mild transition of the flow from the spillway surface to the 
downstream in the outlet channel. Flip buckets are used for energy dissipating and avoiding the river bed 
scoure in the downstream [1]. The flip bucket is a kind of ski jump spillway usually used as an end to a 
chut’s or tunnel spillway in the case of appropriate geological and topological conditions. 
The flip bucket itself is not considered as an energy dissipator; however, it is an integral part of the energy 
dissipation system. The aim of the flip bucket is to guide the highvelocity flow (the jet) to the farther 
location rather than the dam, powerhouse, spillway and other parts of the dam structure. A small amount 
of water’s energy is dissipated due to the friction through the bucket. In the hydraulic design of the flip 
buckets, those parameters which are of high importance for the designers include the bucket’s geometry, 
pressure exerted on its boundaries, and the jet trajectory characteristics [2]. Ski jumps or flip buckets have 
been proposed as a successful hydraulic design in Dordogne hydraulic projects which have been 
performed in France in the middle of 1930s and also upon the experimentations carried out by Maitre 
and Obolenski on the jet flows in 1954 [3]. Rohne and Peterka [4] conducted a study on an improved 
design of flip bucketsperformed by US bureau of reclamation. The simplest flip bucket is in the shape of 
a cylindrical shell’s sector tangent to the floor of the flood conduit (chute or tunnel). This kind of flip 
bucket was founded as the energy dissipating system after the studies conducted in 1993 [5] on Grand 
Coulee dam located in Washington. Then, in 1945, the modified version of this structure named the 
slotted bucket was founded in Angostura dam located in South Dakota. This structure has been also 
constructed for Brantley dam of New Mexico.Joun and Hager [6] evaluated the flip buckets both in the 
type of a prismatic rectangular channel and a bucket having a lateral flow deflector. In their research, the 
scale effects in the hydraulic models, pressure distribution through the bucket, flow projectile, shock-
waves’ creation conditions and governing choking relations have been investigated. Jorabloo et al. [7] 
compared the results of the numerical simulation of flow over the flip bucket with those obtained via the 
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experimental model. They implemented Fluent® software for their numerical analysis. They concluded 
that the pressure distribution and jet trajectory obtained via the numerical analysis were in close 
agreement with the experimental results. Yamini and Kvianpour [8] investigated the hydrostatic and 
dynamic pressures and their distributions on the flip bucket curve. In their study they examined the effects 
of geometry and flow characteristics on pressure fields. Yamini et al. [9] experimentally investigated the 
pressure fluctuation and also the effect of entrance flow conditions on the pressure fluctuation on the 
bed of compound flip buckets of the Gotvand dam in Iran. Flip buckets are specifically designed for a 
specific project and the designs are improved using the scale models [10]. Till now, the design of the flip 
bucket structures has been frequently based on the hydraulic models’ studies and due to their site 
specifications. Therefore, limited design patterns are available in this regard. 
Although, flip buckets have been recently used in many hydraulic designs, the number of studies 
conducted on their basic hydraulic specifications is scarce. A great number of observations are position-
oriented and specially designed for a specific hydraulic project. For this reason, the design guides of the 
flip buckets are not complete at this time. Therefore, many of these hydraulic structures will be examined 
by physical models before approving the final design [12]. Physical models are constructed in order to 
study the spillways flow specifications in hydraulic laboratories. However, they are expensive, 
cumbersome, and timeconsuming [13]. Computational fluid dynamics (CFD) has been increasingly 
implemented by engineers for modelling and analyzing complicated problems related to the hydraulic 
design [14]. CFD models are capable of predicting many flow specifications on a spillway. Most of the 
investigations dealing with the CFD implementation for simulating the spillways have been using Flow-
3D® code and this software has been successful at representing either the physical model’s results or 
design curves of U.S. army corps of engineers (USACE) and U.S. bureau of reclamation (USBR) [15]. 
Savage and Johnson compared the Flow-3D® simulation results with those obtained via the physical 
model and USBR and USACE data for a standard ogee-crested spillway [16]. Their estimated values for 
pressure heads on the spillway surface and flow rates were in close agreement with the experimental 
achievements. The two-dimensional flow analysis at the toe of a dam were performed by Heidarinejad 
and Najibi [17]. Ho et al. [18] examined the behavior of a spillway with a standard WES profile under 
increased maximum flood. Eklund [19] investigated the jet trajectory of a ski-jump spillway in 
Stornnforsen using physical and CFD models. 
The numerical model implemented here is constructed using the Flow-3D® code. The available obstacle 
in the calculation area is identified using fractional area/volume obstacle representation (FAVOR) 
technique. This approach which has been presented by Hirt et al. [20] uses values between 0 and 1 in 
order to identify the obstacle existence in each cell. The value of 1 indicates the case when the whole cell 
is filled with the obstacle. However, 0 points out to a completely empty cell [21, 22]. This program uses a 
finite volume calculation approach and the volume of fluid (VOF) method which has been previously 
improved by Hirt and Nichols [23] for computing free surface motion. Implementing this method lead 
to a significant decrease in the simulation time [24]. In the VOF method, it is assumed that the two fluids 
(water and air) do not interfere [25]. For each phase (fluid), a variable is defined called the volume fraction 
which represents the occupied amount of computational cells by that phase [26]. 
 
2. Experiment layout  
Experiments were conducted in the fluid mechanics laboratory, in a hydraulic flume that was made of 
glass with a cross section 0.30 m wide, 0.30 m deep and 6 m long (Fig. 1). The conventional ski-jump 
bucket (Figure 1) was with continuous lip of angles 350 and a radius of 0.0915 m. The width and invert 
of the bucket was 0.3m and 0.015m respectively. Design parameters of the conventional ski-jump was as 
per IS 7365 (2010). A pump delivered the flow rate, enabling an accurate discharge adjustment in a closed-
circuit system. Clear-water flow depths were measured on the channel centerline with a pointer gauge. 
 
3. Flow-3d  
The Flow-3D model developed by Flow Science Incorporated of Los Alamos, New Mexico, USA, is a 
Computational Fluid Dynamics (CFD) tool capable of simulating the dynamic and steady state behavior 
of liquids and gases in one, two or three dimensions. It is based on Navier Stokes equations of fluid 
dynamics. It is applicable to almost any type of the flow process and capable of simulating free surface 
flow, and the program utilizes specialized algorithms to track the location of the water surface over large 
and small spatial and temporal variations. These capabilities make the model well suited for simulating 
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the varied and complex flow conditions, which typically occur in a variety of hydraulic design and analysis 
problems.The continuity and Reynolds-averagedNavier-Stokes equations are for this casesolved in a 
vertical plane (two dimensions), inorder to compute the water motion for turbulentflow. 
The continuity and Reynolds-averagedNavier-Stokes equations are for this casesolved in a vertical plane 
(two dimensions), inorder to compute the water motion for turbulentflow. 
Where U is the Reynolds-averaged velocity overtime t, x is the spatial geometrical scale, ρ is thewater 
density, P is the Reynolds-average pressure, δ is the Kronecker delta and νT is theturbulent eddy-
viscosity.The turbulence is predictedby the RNG k-ε model (turbulent kineticenergy k and its dissipation 
ε) using the constantempirical values by Launder and Spalding [23]. 
. 
4. Computation of the free water surface  
The free water surface represents a particularchallenge in 3D numericalmodels. The selected computer 
programs usedifferent methods. Flow-3Duses the Volume ofFluid Method (VOF).This is a two-phase 
approach where both thewater and the air are modeled in each computational cell. Themethod is based 
on the concept that each cell hasa fraction of water (F), which is 1 when theelement is totally filled with 
water and 0 when theelement is filled with air. If the value is between 1and 0, the element contains the 
free water surface.The VOFmethod requires a fixed grid. The number of gridpoints in the vertical 
direction depends on the waterdepth and the initial settings. Inthis study, a width-averaged approach 
isused, so the components in the direction normalto the main flow direction are zero. The formulacan 
also be used for three dimensions. 
 
5. Grid types and generation 
Fllow-3D uses a structured and orthogonal gridwith rectangular (2D) and hexahedral cells (3D).The non-
adaptive grid is fixed and does not moveduring the calculation. The border between thegeometry and the 
water is defined by theFractional Area Volume Obstacle Representation(FAVOR) method. Figure 1 
shows a longitudinalprofile of the grid used in Flow-3D. When the watersurface moves, the grid will also 
move vertically.Hence, only the water phase will be calculated,not the air phase. The grid is regenerated 
duringthe computation with a varying number of gridcells over the depth.  
 
 

 
Fig. 1- View of mesh 
6. Boundary conditions 
To have an accurate result, an appropriate condition should be selected for boundary based on the nature 
of the flow. Inthe present study,the computational domain is divided into two sequential zones with 
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overlapping boundaries, which enable the calculations to efficiently make use of meshes as well as to avoid 
the time step limitations due to high infiltration at the module. Inlet condition of the weir is set as 
specified pressure. Also, outflow Boundary condition is used for outlet. Boundary condition for both 
inlet and outlet has set as continuative because to allow water infiltrate. For the top, specified pressure 
condition selected as to visualize experiment model.  
 
7. RESULTS AND DISCUSSION 
Four different discharges were used to model ski-jump bucket. All turbulence methods were utilized to 
model water surface profile over a weir, a symmetric plan was chosen to compare observation and 
simulation results.Table 1  indicate a comparison of results between experimental data and predicted 
value obtained from the simulation model.As is shown in table 1, CFD resultshas the best similarity with 
experimental data. The percentage of error between CFD and experimental results varies from 3.69% to 
15.69%. 
 

Sr.no  Discharge 
(Q) 
 
(m3/s) 

Depth 
of flow 
on lip 
(m) 

Tail 
Water 
Depth  
(m) 

CFD Energy 
Dissipation 

Experimental 
Energy 
Dissipation 

% 
error 

1. 0.00962 0.0013 0.025 54.47 48.45 15.69% 
2. 0.00735 0.012 0.015 41.13 46.61 11.75% 
3. 0.00595 0.011 0.09 55.72 53.67 3.69% 
4. 0.00431 0.010 0.08 55.22 52.01 5.81% 

Table 1: Comparision of Experimentl and CFD Results 
8. Conclusion 
Basic experiments were conducted on a ski-jump bucket to investigate the trajectory features and energy 
dissipation. 3-D numerical scheme provided by models was used to predict the water surface and 
streamlines. The computed values were thencompared with the experimental values. The computational 
results showed a good agreement with experimental data obtained in the laboratory. The presented results 
in this study can encourage the researchersfurther in studying ski-jump bucket susing CFD. 
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