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Abstract:- As a part of the design process for hydro-electric generating stations, hydraulic engineers typically conduct some 
form of model testing. The desired outcome from the testing can vary considerably depending on the specific situation, but 
often characteristics such as velocity patterns, discharge rating curves, water surface profiles, and pressures at various 
locations are measured. Due to recent advances in computational power and numerical techniques, it is now possible to 
obtain much of this information through numerical modeling. Computational fluid dynamics (CFD) is a type of numerical 
modeling that is used to solve problems involving fluid flow. Since CFD can provide a faster and more economical solution 
than physical modeling, hydraulic engineers are interested in verifying the capability of CFD software. Although some 
literature shows successful comparisons between CFD and physical modeling, a more comprehensive study would provide 
the required confidence to use numerical modeling for design purposes. This study has examined the ability of the 
commercial CFD software Fluent to model a variety of spillway configurations by making data comparisons to both new and 
old physical model experimental data. 
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I. INTRODUCTION 
 
Background 
Physical scale modelling has been used in the design 
and investigation of hydraulic structures for over 100 
years. The design process has typically involved the 
development of a preliminary design on the basis of 
theoretical and empirical methods. A physical scale 
model of this arrangement would then be constructed 
in two- or three-dimensions and various scenarios run 
to confirm whether the hydraulic performance was 
acceptable and to extract data for input to the design. 
The methods are tried and tested and the outputs from 
the model testing in terms of data and observations 
are invaluable in the design process. However, the 
construction, operation, and testing of physical 
models is often a time-consuming and expensive 
exercise. Furthermore, the modification of the model 
to trial alternative arrangements or to optimise 
features can add weeks to a testing programme.  
 
Through recent advances in computing power and 
modelling software capabilities, it is now feasible to 
undertake complex three-dimensional analyses using 
CFD techniques. To date, CFD modelling has 
generally been used as a valuable tool in the 
optimisation phase of the project prior to the 
commissioning of a physical model study. The major 
benefit of the CFD modelling in this capacity was 
that it allowed the early identification of problematic 
flow features and modifications to the layout could be 
trialled rapidly and cost-effectively. Although CFD 
modelling packages now have the capability to 
analyse complex hydraulic conditions common in 
spillways such as air entrainment, flow separation, 
turbulence and shock waves, there is however a 
significant lack of calibration and validation studies 
(between CFD and physical models and also between  

 
model and prototype) for these advanced applications 
and caution should be applied to their use in design. 
 
Objectives 

1. To model the complex flow pattern of two 
phase turbulence flow in spillway by the 
numerical model 

2. To expand the simulation results from 
numerical models to large scale physical 
models to ensure proper simulation of flow 
in complex multiphase flow. 

3. Validate the results of numerical modeling 
with experimental results. 

4. Try to establish the use of CFD models in 
physical model studies as a complementary 
tool. 

Scope of Study 
The present study is to model the complex flow 
pattern of two-phase turbulence flow in spillways by 
using the numerical model. The numerical model is 
suggested to expand the simulation results from 
numerical models to large scale physical models to 
ensure proper simulation of flow in complex 
multiphase flows. Due to recent advances in 
computational power and numerical techniques, it is 
now possible to obtain much of this information 
through numerical modelling. 
The assumption of the complex turbulence flow in 
spillways is the flow would be two phase free surface 
flow without any large or observable suspended 
sediment that can affect the flow pattern. The 
simulation results from numerical models are 
compared to the large scale physical models to ensure 
proper simulation of flow in complex multiphase 
flows. 
Computational fluid dynamics (CFD) is a type of 
numerical modelling that is used to solve problems 
involving fluid flow. Since CFD can provide a faster 
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and more economical solution than physical 
modeling, hydraulic engineers are interested in 
verifying the capability of CFD software. 
Computational fluid dynamics (CFD), have been in 
use for years but recent advancement in computer 
technology has made CFD software commercially 
available. Therefore this study has been initiated to 
use this tool for solving hydraulic model case study. 
The desired outcome from the testing can vary 
considerably depending on the specific situation, but 
often characteristics such as velocity patterns, 
discharge rating curves, water surface profiles, and 
pressures at various locations are measured. Some 
literature shows successful comparisons between 
CFD and physical modeling, a more comprehensive 
study would provide the required confidence to use 
numerical modeling for design purposes. 
 
1) Physical model used in the present study 
Physical Model Setup 
A 2-D sectional model was constructed to a 
geometrically similar scale of 1:50 with transparent 
Perspex sheets in a glass sided flume. One full span 
and two full piers with breastwall and ski-jump 
bucket were incorporated in the model. Piezometers 
were provided along the centre of span and side of 
pier for hydrostatic pressure measurement. 
Piezometers were also provided along the centre line 
of the bottom of breastwall profile. Necessary 
arrangements were made for measurement of 
discharge, pressures, velocities and water levels. 

 
2) Numerical Modelling 
Physical models play a major role in evolving the 
design of hydraulic structures like spillways and 
energy dissipators. Some scale effects are associated 
with the physical models for modelling of air water 
flows. Numerical modelling has been sparsely used in 
this field due to the complex nature of the flow. 
However, with the advancement of the computing 
facility Computational Fluid Dynamic (CFD) 
modelling is being increasingly used in simulation of 
spillway flows. Simulation of flow over the spillway 
is possible with advanced CFD software as two phase 
air-water flow can be modelled. 
The Navier–Stokes equations can describe virtually 
any flow problem. However, they are the most 
difficult to solve. In the last two decades, simulation 
techniques based on the Navier–Stokes equations 
have been applied to a large number of flow problems 
with suitable assumptions and approximations. The 
rapid development in the computer technology has 
made the computational fluid dynamics an effective 
and economical tool for solving various problems in 
Fluid Mechanics. 
Computational Fluid Dynamics is a branch of 
science, which deals with replacing the differential 
equations governing the fluid flow, into set of 
algebraic equations. Theses algebraic equations are 
solved with the help of digital computers. CFD can be 

a very useful tool to minimize the efforts and 
expenses of physical modelling as it consumes less 
time and gives accurate results once the CFD model 
is validated. It provides good control over all the flow 
(geometric and dynamic) parameters. It is also cost 
effective. However, one cannot replace the physical 
model at this stage, since the validation of the CFD 
model is done using the results of the physical model. 

 
Turbulence model 
There are three major approaches to predict turbulent 
flows, viz. Statistical Turbulence Modelling (STM), 
Large Eddy Simulation (LES) and Direct Numerical 
Simulation (DNS). Statistical turbulence models 
based on the Reynolds- Averaged Navier-Stokes 
(RANS) equations represent transport equations for 
the mean flow quantities only, with all the scales of 
the turbulence being modelled. There are many 
turbulence models available. 
 
Among the linear turbulence models, the widely used 
two-equation model is based on: 
 

a. The turbulent kinetic energy equation k and  
b. The turbulent eddy dissipation, ε , or the 

turbulent frequency ω . 
 
The Renormalisation group k-ε, turbulence models 
were chosen in the present study to simulate the flow 
over orifice spillways. 

 
Boundary and Initial Conditions 
Boundary conditions are the most important and 
critical aspects of the numerical modelling. Utmost 
care has to be taken in the formulation of boundary 
conditions so that the physical phenomenon could be 
represented satisfactorily. It is important that the 
boundary conditions accurately represent what is 
physically occurring for a given flow condition. 
Boundary conditions specify the flow variables or 
their gradients on the boundaries of computational 
flow domain. 
 
Upstream Boundary Condition 
The upstream boundary can be set up at a flow inlet 
at which the reservoir water level but the incoming 
discharge and/or velocity are unknown. This section 
should be far away from the spillway to avoid the 
reflection effect. 
 
Downstream Boundary Condition 
The downstream boundary should be located based 
on the range of the interested domain. For the study 
of the spillway crest and the aerator region, the 
downstream condition will have no effect on the 
upstream flow since the flow over the downstream 
slope of the spillway is supercritical. However, the 
downstream section has to be chosen far downstream 
of the end of the spillway so that the ski jump 
jet/hydraulic jump is fully formed. 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092, Volume- 3, Issue-10, Oct.-2015 

Physical And Numerical Modeling Of An Orifice Spillway 
 

73 

Solid Boundary Condition 
The interface between the fluid and solid boundary is 
considered as closed boundary. It is also called as 
wall boundary. There are three kinds of solid 
boundary conditions: 
 
• Full slip boundary condition 
• Partial slip boundary condition and 
• No slip boundary condition 
 
The full slip means that tangential velocity at the 
inner grid is equal to tangential velocity on the solid 
surface; while no slip means tangential velocity on 
the solid surface is zero; for partial slip condition, a 
wall function should be used. There is no flow across 
solid boundaries. Selection of the three alternatives 
depends on the nature of governing equations, 
relative magnitude of the grid size and the boundary 
layer thickness in the flow domain. 
 
Initial condition 
Before starting the solution, an initial guess has to be 
provided for the solution flow field. An accurately 
assumed velocity and free surface profile will 
accelerate the convergence of the computations. 
 
Operating Conditions 
Operating pressure is defined at the atmospheric 
pressure. The operating density is specified as 1.223 
m3/s, as air was the primary phase out of the two 
phases viz. air and water. 
 
The various processes involved in formulation of 
problem, as follow : 
 
1. Create the geometry and grid 
2. Start the appropriate solver for 2-D or 3-D 

modeling 
3. Import the grid (case) 
4. Check the grid 
5. Select the solver formulation 
6. Choose the basic equation to be solved i.e. 

turbulent 
7. Specify material properties 
8. Specify the boundary conditions 
9. Adjust the solution control parameters 
10. Initialise the flow field 
11. Compute the solution 
12. Examine the results 
13. Save the results 

 
II. RESULTS AND DISCUSSION 
 
Hydraulic model studies on the original design were 
conducted to assess 
 

1. Discharging capacity of the spillway 
2. Pressure Profiles 
3. Water surface Profile and 
4. Suitability of the geometry of the profiles 

1) Discharging capacity of the spillway 

 
Figure 1 Discharging Capacity Curve 

 
Pressures on the Spillway Profile 
Comparison of pressure profile is more important for 
assessment of cavitation potential of the flow. Results 
of both hydraulic and numerical modelling were 
superimposed. The general trend and the magnitude 
were in good agreement with the observed data on the 
physical model. Some variations were seen which 
were probably due to local mesh geometry or error in 
measurement on physical modelling. The pressure or 
cavitation indices could only be calculated at selected 
locations in physical model where Piezometers were 
provided. However, the same could be calculated at 
closely spaced points in numerical model. Thus, a 
continuous profiles for pressure could be generated 
which indicate the zones which are susceptible to 
cavitation damage. 
 

 
Figure 3 : Pressure contours for spillways operating for Q = 

16023 m3/s 
 

 
Figure 4: Pressure profile on sluice spillway for physical and 

numerical models for Q = 16023 m3/s 
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Figure 5: Pressure profile on sluice spillway for physical and 

numerical models for Q = 4006 m3/s 
 
Water Profile over the Spillway 
Water surface profiles are desired in order to 
determine appropriate heights of training and divide 
wall and obtaining reservoir water levels such that 
overtopping does not occur. To numerically solve the 
rapidly varying flow over spillway, it is important 
that the free surface be accurately tracked.  
 

 
Figure 6 : Water profile obtained from FLUENT for Q = 16023 

m3/s 
 
III. SUMMARY & CONCLUSION 
 
Conclusions – Physical Model Studies 
Studies were carried out on 1:55 scale 2-d sectional 
model. The conclusions from these studies are as 
follows : 
1. The discharge of 17010 m3/s could be passed at 

FRL El. 843 m, with all 7 spans operating fully 
open. This is about 6% more than the design 
discharge of 16023 m3/s. It was observed that 
design discharge 16023 m3/s could be passed 
passed at reservoir water level El. 839.1 m 
through all 7 spans fully open. As such, 
discharging capacity of the spillway is 
considered to be adequate.  

2. The upper nappe of jet issuing from the sluice 
opening was seen adhering to the breastwall 
bottom profile for the orifice regime thus making 
the entire height of orifice fully effective for 
ungated operations of spillway. 

3. the trunnion axis of the radial gates is well above 
the water surface for all the discharges. 

4. Water was spilling over the training wall 
intermittently for discharges 8000 m3/s and 
above due to high TWL. The height of training 
wall may be suitably designed based on the water 
surface profiles, bulking of flow due to air 
entrainment in prototype and free board 
requirement. However there is no need of 
increasing the height of divide walls. 

5. The hydrostatic pressure distributions on the 
spillway profile and breastwall bottom profile are 
acceptable. 

6. The performance of the ski-jump bucket was not 
satisfactory for entire range of discharges for 
gated and ungated operation of spillway as the 
bucket lip was getting submerged to the extent of 
8.6 m to 20 m for discharges of 4006 m3/s to 
design discharges of 16023 m3/s due to high tail 
water levels. Submerged ski action with aerated 
surface rollers riding over the bottom jet could be 
seen in the bucket. Ski-jump bucket was 
susceptible to TWL as hydraulic jumo was seen 
forming in the bucket for slight increase in tail 
water levels. 

7. It is suggested that the design of the bucket may 
be modified by raising the bucket lip by about 3 
to 4 m so as to reduce the submergence depth 
due to tail water to improve the performance of 
Ski-jump bucket. 

Physical model studies play very important 
role in finalizing hydraulic efficient design. But it is 
very time consuming and difficult to accommodate 
these changes and conduct experiments for each 
modification and get the results. The results of 
numerical simulation of the final adopted design gave 
the encouraging results with reference to the physical 
modelling. This shows the ability of CFD to simulate 
the complex flow phenomenon. 
 
CONCLUSIONS 
 
Numerical Model Studies 
The final adopted design is simulated using numerical 
model. The ability of the CFD software FLUENT to 
model spillway flow behaviour proved to be quite 
successful. In general, it seems that FLUENT can 
accomplishment nearly the same results as a set of 
physical model experiments. The following 
conclusions can be drawn from this study: 
1) FLUENT can successfully model a spillway’s 

water surface profile for a variety of discharge 
conditions as compared to physical model 
testing. The general trend of physical model 
water profiles can be achieved using 
computational fluid dynamics. 

2) The general trend of physical model pressure 
profiles can be achieved using computational 
fluid dynamics. 

As demonstrated in studies, the numerical 
model can be used efficiently as a complementary 
tool to physical model studies for investigation of 
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flows over spillways, thus obviating the necessity of 
studying several alternatives on the physical model 
involving time and cost. This study shows that, 
numerical tools like CFD codes are quite convenient 
to calculate the water and pressure profile over the 
spillway. The analysis for pressure profile shows 2% 
to 50% relative difference in the physical and 
numerical model readings. The high relative 
difference was due to very low pressure magnitude 
where small difference makes huge relative 
difference. For discharges and water profile the 
relative difference is of the order of 1% to 5 %. CFD 
gives an insight into flow patterns that are difficult, 
expensive or impossible to study using traditional 
physical modelling techniques. Although physical 
model studies may be more expensive and time 
consuming than computational modeling, they are 
still crucial for providing data for numerical model 
calibration and validation studies. The unique 
combination of computational expertise in physical 
flow modeling can be applied in concerned to provide 
cost effective, practical solutions to spillway flow 
problems. Thus, CFD modeling can be used as a 
complementary tool along with physical modeling to 
solve complex flow problems of spillways. 
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