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 ABSTRACT 
 Hydraulic jump is a phenomenon caused by change in stream regime from supercritical to subcritical flow with 
considerable energy dissipation and rise in depth of flow. Hydraulic jump primarily serves as an energy dissipater to 
dissipate excess energy of flowing water downstream of hydraulic structures, such as spillway, sluice gates etc. This 
excess energy, if left unchecked, will have adverse effect on the banks and the bed. In the present study, the effect of 
rough beds on hydraulic jump characteristics has been investigated experimentally and numerically, for different 
Froude numbers. For numerical simulation FLUENT software, for multiphase flow simulation, VOF method and for 
simulation of turbulent flow, RNG k-ε turbulence model is used and the result of numerical model is compared with 
experimental data. The results of this study indicate that; FLUENT simulate hydraulic jump on rough beds with good 
accuracy and head loss for jumps on rough beds were higher than those occurring on smooth beds.  
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INTRODUCTION  

Hydraulic jumps have been studied extensively 
because of their importance in energy dissipation in 
hydraulic structures. For this reason several laboratory 
experiments and numerical simulation have been 
performed to study turbulent Hydraulic jumps.  

A jump formed in a horizontal, rectangular channel 
with a smooth bed is usually referred to as classical 
hydraulic jump, and has been studied extensively 
(Peterka, 1958; Rajaratnam, 1967; McCorquodale, 1986 
and Hager and Bremen, 1989). The subcritical sequent 
depth *

2y  of a classical hydraulic jump, for a supercritical 
upstream flow with a depth y1and mean velocityV1, is 
given by the well-known Belanger equation: 
 

 (1) 
 
Where 

1
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VFr   is the upstream Froude number and g 
is the acceleration of gravity. 
 

On the other hand, hydraulic jump can be controlled 
by roughness shapes in stilling basins bottom. Recently, 
some investigations have been carried out on hydraulic 

jump on rough beds. Izadjoo and Bajestan, 2005; Denli 
Tokyay, 2005 and Ead, 2005, have been studied 
experimentally many different roughness shapes in basin 
bottom. 

Although, field and laboratory experiments can 
provide valuable information on flow characteristics by 
measurements and flow visualization, but the cost to 
conduct these experiments is expensive. With the rapid 
development of numerical methods and advancements in 
computer technology, CFD (Computational Fluid 
Dynamics) has been widely used to study hydraulic 
jumps. Numerical techniques available for the 
computation of free-surface flows can be divided into two 
categories, i.e. the fixed-grid (Eulerian) and the moving-
grid (Lagrangian) methods. The Eulerian methods, such as 
VOF (Volume of Fluid) method, are based on the concept 
of only fractional volume of the surface cell being 
occupied by fluid. In Lagrangian methods the free-surface 
is located at one boundary of the mesh, and the mesh 
deforms as the free surface moves (Hirt and Nichols, 
1981; Martin et al., 1987). 

The study of hydraulic jump on a smooth bed, have 
been done (Sarker and Rhodes, 2002) on smooth bed by 
physical and numerical methods. The RNG k-ε turbulence 
model was used, in combination with the VOF method for 
free surface modeling and good agreement was obtained
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between the two-dimensional CFD solution and the 
physical measurements. 

Zhao and Misra, 2004 have done numerical study of 
hydraulic jump on a smooth bed. The governing equations 
are the continuity and momentum equations for 
incompressible flow and based on the two-dimensional k-
ε turbulence models. The results using the VOF and the 
scale turbulence model involving water surface location, 
horizontal velocity, TKE (Turbulent Kinetic Energy) 
profiles and the energy dissipation were presented.  

Gonzalez and Bombardelli, 2005, simulated a 
hydraulic jump on a smooth bed using k-ε turbulence and 
LES (Large Eddy Simulation) models. The simulated 
results were compared with observations of mean flow 
and turbulence in hydraulic jumps by Liu et al., 2014. 

 
MATERIALS AND METHODS 

 
In the present study, the effect of rough beds on 

hydraulic jump characteristics has been investigated 
experimentally and numerically, for a range of the Froude 
number from 6 to 9. The numerical simulation was done 
with FLUENT software, which uses the finite-volume 
method to solve 2D Reynolds-averaged Navier Stokes 
(RANS) equations.  

It should be mentioned that in this research; for 
assessing the accuracy of numerical results with 
experimental data, RAE (Relative Average Error) method 
is used. The equation is as follows: 
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At equation (2), EXPy  is subcritical depth after jump in 
physical model, CFDy  is subcritical depth after jump in 
numerical model and N is total number of data. 
 
Experimental model 

Hydraulic jumps were produced in a rectangular 
flume 10(cm) wide, 25(cm) deep and 2(m) long, and the 
supercritical stream was produced by a sluice gate (Figure 
1). The side walls of the flume were made of transparent 
Plexiglas sheets. Water was pumped from a storage tank 
to the head tank of the flume by a centrifugal pump and 
rough rectangular, trapezoidal and semicircular pieces 
were installed on the flume bed. 

Figure (2) shows the rectangular, trapezoidal and 
semicircular pieces which used in this study and their 
dimensions are 4.5 (cm)  2.1 (cm)  10 (cm). 
 
Numerical model 

As mentioned before; in this study numerical 
modeling was done using FLUENT software. The 
FLUENT is general-purpose CFD code, which is used by 
several researchers worldwide. This software by 
converting the governing equations to algebraic equations 
using finite volume method; solves two-dimensional and 
three-dimensional problems in open channel flow 
(Anonymous, 2006).  

  
Fig. 1: Definition sketch of a free hydraulic jump 

 

  
Fig. 2: Rough pieces dimensions 
 

Also it is possible to solve continuum and momentum 
equations so called Novier-Stocks equations in hydraulic 
jumps. The governing equations of our interest are 
unsteady incompressible two-dimensional continuity and 
Reynolds-averaged Novier-Stocks equations (RANS) for 
liquid and air (Anonymous, 2006): 
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In these equations ρ is fluid density, u is velocity 
components, x is space dimensions, t is time, p is 
hydrostatic pressure, µ is dynamic viscosity, _____'' ji uu is 
Reynolds stress tensor and δij is crooner delta. 

It should be noted that, in this study the geometry 
design of models and their meshing was done using 
GAMBIT software. Figure (3) shows the meshing of 
models.  

Also, in order to choose the best meshing, multiple 
meshing is evaluated. The result of this evaluation is 
mentioned as Figure (4). According to this figure the 
meshing count of 10020 is chosen for the optimum 
meshing.  

After meshing, boundary condition is defined for the 
model. Figure (5) shows the boundary conditions for the 
models. In this paper the walls of the channel and rough 
rectangular, trapezoidal and semicircular pieces defined 
by Wall boundary condition, water depth at the entrance 
and freeboard of channel defined by Velocity inlet 
condition and output stream page is defined by Pressure 
outlet condition. 
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Fig. 3: Meshing of models  

RESULTS AND DISCUSSION 
 The scope of this study is to investigate the effect of the 

rough rectangular, trapezoidal and semicircular pieces on 
the flume bed on the basic characteristics of the jump such 
as tail water conditions. 
At Figures (6) to (8), the values obtained from numerical 
simulation for

1
2

y
y , is compared with experiments. 

The results showed that, simulation agreed well with the 
measured values and relative average error of tail water 
depth (

1
2

y
y ), between simulated and experimental values 

is about 5% - 8%. 
Due to; relative error of the tail water depth it can be 

concluded, flow over rough rectangular, trapezoidal and 
semicircular pieces, was simulated within good accuracy. 
Now; by using data of tail water depth which obtained 
from numerical model, we can compare depth ratio with 
that of smooth bed. 

Figure (9), shows that the rough rectangular, 
trapezoidal and semicircular pieces on the flume bed, 
reduce the required tail water depth for given upstream 
conditions, y1 and Fr1, when compared with that of jumps 
on smooth beds.  
 
Conclusion Hydraulic jump is formed when the state of flow 
changes from supercritical to subcritical one. The 
hydraulic jump is usually accompanied by an aerated 
recirculating roller on the top, where intensive turbulence 
results in energy dissipation and the mixing of air also 
takes place. The hydraulic jump is treated as a 
macroscopically steady phenomenon for engineering 
purposes, and temporally averaged quantities are 
examined. 

The aim of this study is, investigate the effect of the 
rough rectangular, trapezoidal and semicircular pieces on 
the flume bed on the basic characteristics of the jump such 
as tail water conditions. The research results showed that, 
simulation agreed well with the measured values and 
relative average error of

1
2

y
y , between simulated and 

experimental values is about 5-8%. So by using data of 
tail water depth which obtained from numerical model, we 
can compare depth ratio with that of smooth bed and 
conclude that, rough rectangular, trapezoidal and 
semicircular pieces on the flume bed, reduce the required 
tail water depth for given upstream conditions, when 
compared with that of jumps on smooth beds.  

  
Fig. 4: Relative error ratio of subcritical depth after jump for 
different amounts of meshes 
 

  
Fig. 5: Boundary conditions imposed on the model 
 

  Fig. 6: Variation of depth ratio y2/y1 with Froude number Fr1 in 
rough rectangular pieces 
 

  Fig. 7: Variation of depth ratio y2/y1 with Froude number Fr1 in 
rough trapezoidal pieces 
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Fig. 8: Variation of depth ratio y2/y1 with Froude number Fr1 in 
rough semicircular pieces 
 

  
Fig. 9: Comparison of depth ratio with that of smooth bed  
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