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ABSTRACT: Control of the high velocity and kinetic energy of the flow downstream of the hydraulic 
structures to prevent the erosion of the channel bed is one of the most important concerns of hydraulic 
engineers. For this reason, energy dissipation structures are used. The sudden symmetrical expanding 
channel is an energy-dissipation structure that requires minimal tailwater depth for the formation of 
hydraulic jumps. Rough beds are important for reducing stilling basin dimensions and the effect of the 
roughness elements impact the hydraulic jump. The effect of bat-shaped elements in a sudden expansion 
channel has been investigated here. The experiments were performed in a rectangular channel with 
symmetric expansion ratios of 0.67, 0.5, and 0.33, and a Froude number that ranged from 4.6 to 11.3. 
The results showed that the shear stress in a rough bed of a sudden expansion channel was more than 12 
times greater than the shear stress in a smooth prismatic channel. Also, the secondary depth and S-jump 
length in a rough bed compared to the smooth bed decreased by 22% and 9-13%, respectively. Finally, 
several equations were developed to predict the hydraulic jump on the rough bed. The correlations had 
R2 values of more than 0.988 and NRMSE values of less than 2.5%. These highly accurate equations are 
easy and simple to apply for the design of enlarged stilling basins. 
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1- Introduction
Energy dissipation downstream of spillways, weirs, chutes, 
and gates, is necessary to prevent erosion and cavitation; it 
is an important task of hydraulic engineers [1, 2].  In fact, 
often, dissipation of the kinetic energy of the flow is the 
main purpose of a hydraulic structure. A stilling basin is 
one of the most common energy dissipation structures; it 
can form a hydraulic jump by transforming the flow regime 
from supercritical to subcritical [3, 4]. In recent years, 
many researchers have studied the classical hydraulic jump 
in a horizontal prismatic channel with a smooth bed [5-8]. 
Reference [5] compared a hydraulic jump with wall jets. 
Reference [6] examined the roller length of a classic hydraulic 
jump and provided estimating equations and [7] examined air 
entrapment in a hydraulic jump and reported the distribution 
of air concentration and the frequency of bubble formation.
The formation and stabilization of hydraulic jumps in stilling 
basins depend on the tailwater level. In cases where the 
tailwater level is low, an expansion section can be used to 
ensure jump formation [9-11]. Depending on the toe of the 
jump and the tailwater level, jumps in the sudden expansion 
channel are divided into three categories: a Repelled hydraulic 
jump (R-jump), a hydraulic jump (S-jump), and a Transitional 
hydraulic jump (T-jump) [9-12]. 
Extensive studies were carried out on the formation of a 

hydraulic jump in sudden expansion channels [9, 13-19]. Most 
of these studies investigated the depth ratio of the hydraulic 
jump in the sudden expansion and presented correlating 
relationships to predict it. Pagliara and Palermo (2009) 
investigated both the scour geometry and the hydraulic jump 
downstream of a block ramp in symmetrically expanding 
stilling basins. The results show that for similar hydraulic and 
geometric conditions, the expansion causes an increase in the 
scour pit depth [20]. The effect of height and location of the 
sill on the characteristics of the S-jump in a sudden expansion 
channel with a sudden symmetric expansion was investigated 
by Zare and Doering (2011). Considering the dimensionless 
parameters of height and location of the sill, they showed that 
with an increase in these parameters, the secondary depth of 
the S-jump decreased [21]. Numerical study of symmetric 
submerged spatial hydraulic jumps (SSHJ) in a sudden 
expansion showed that the jump roller created near the lateral 
walls of the channel is stronger than in its center [22].
Stilling basins are effective for use as an energy dissipation 
structure, they are economical to implement. On the other 
hand, roughening the bed along with improving the jump 
characteristics is a means to reduce the dimensions of the 
stilling basin. Other measures may include the use of a chute 
block at the beginning, baffle blocks in the middle, and sill 
at the end of the jump. The main purpose of these measures 
is to reduce the jump length and dimensions of the basin [23, 
24]. A hydraulic jump is used to prevent downstream channel 

*Corresponding author’s email: daneshfaraz@yahoo.com
                                  

   Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article                                                  
                                is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information, 
please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.



R. Daneshfaraz et al., AUT J. Civil Eng., 5(2) (2021) 245-256, DOI: 10.22060/ajce.2020.18227.5667

246

erosion and excessive energy dissipation. Therefore, the jump 
location must be resistant to erosion and cavitation at high 
flow velocities. To prevent cavitation, the floor should either 
be smooth or the hydraulic jump controlling elements should 
be placed in a way so that their upper surface is equal to the 
upstream channel [25].
Several researchers have experimentally studied the 
characteristics of hydraulic jumps on a rough bed [25-33]. 
AboulAtta et al. (2011) examined hydraulic jumps on a 
rough bed with T-shaped roughness elements and different 
densities. They showed that T-shaped elements with a 
density of 8% have better results than those with rectangular 
elements with a density of 10% [26]. Parsamehr et al. [30] 
also examined the characteristics of hydraulic jumps on 
an adverse slope with a rough bed. They showed that the 
secondary depth and the length of the jump decreased with the 
increased height of the roughness elements [30]. Norouzi et 
al. [34] studied energy dissipation from an inclined drop with 
a screen. Results revealed that for a screen with a porosity 
of 50%, all jumps formed were type A and by increasing the 
drop height, the jumps formed behind the screen became a 
false jump type. For the higher porosity screen, the hydraulic 
jump decreased and the energy dissipation increased. 
Neisi and Bajestan [35] were the first to examine the effect 
of a rough bed on the characteristics of an S-jump for Froude 
numbers ranging from 2-10 and expansion ratios of 1, 0.67, 
0.5, and 0.33. Their results showed that the roughness of the 
bed decreased the secondary depth of the S-jump by ~16 to 
20% [35]. Turkmenzad et al. [36] investigated spatial jumps 
in a sudden asymmetric expanding basin on a rough bed 
with two heights of roughness elements. They developed 
relationships to predict spatial jump characteristics [36].
An S-jump in a sudden expanding channel increases the jump 
length compared with the classical jump. On the other hand, the 
roughness of the bed improves the jump characteristics. Few 
studies were carried out on a rough bed of an S-jump. Hence, 
the purpose of this study is to investigate the characteristics of 
an S-jump using a new shape of roughness element and with 

different expansion ratios. Equations are developed for the 
shear stress coefficient, depth ratio, relative jump length, and 
jump efficiency as a function of Froude number and the ratio 
of upstream and downstream channel widths. 

2- Materials and Methods
2- 1- Experiments
The experiment was performed in a horizontal laboratory 
flume of 5 m length with a rectangular section of 30 cm width 
and 45 cm height in the hydraulic laboratory of Maragheh 
University, Maragheh, Iran. The wall and bottom of the 
flume were made of Plexiglas which allows for a detailed 
observation of flow phenomena. To create a Froude number 
range of 4 to 12, the height of the flume wall upstream of the 
gate was increased by 25 cm and a reservoir was created with 
an elevation of 70 cm at the beginning of the flume. A steel 
gate with a thickness of three millimeters was installed at the 
distance of 50 cm from the upstream of the flume and the gate 
opening height was 1.3 cm for all models. 
To create a symmetrical sudden expansion in the section, 
glass boxes of 5, 7.5, and 10 cm width (b1 = 10, 15, 20 cm), 
20 cm height, and 50 cm length were used on both sides 
of the flume before and after the gate. Since the maximum 
length of the S-jump created on the smooth bed occurred with 
an expansion ratio of 0.33 and was equal to 1 m, the total 
length of the rough bed was 1.2 m to ensure that it would 
accommodate the longest hydraulic jump. The roughness 
elements were made of black Plexiglas and had a bat shape. 
In a study by Parsamehr et al. (2017) [30], the roughness 
element density was 10% and roughness elements were 
distributed in a staggered arrangement as 7-6-7. A similar 
scenario was used in the present study. The longitudinal (T) 
and transverse (S) distances between the roughness elements 
within the basin were 2.87 and 2.2 cm, respectively.  Fig.1   
shows a schematic of the experiment model. The roughness 
elements are mounted on a glass pane and placed in such a 
way so that the crest of the elements were at the same level as 
the upstream and downstream beds of the basin. Downstream 

 
Fig. 1. Schematic of the experiment model a) with forces applied b) dimensions and arrangement of the roughness 

elements in the basin. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic of the experiment model a) with forces applied b) dimensions and arrangement of the roughness 
elements in the basin.
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of the flume, a tailgate was used to form the jump.  
In each series of experiments, the pump was initially 
switched on and the flow rate was adjusted using a rotameter 
installed on the pump. The rotameter is capable of measuring 
flow rate to ± 2%. The jump formation and position of its 
toe (at the beginning of the expansion section to create an 
S-jump) were set using the downstream tailgate. The initial 
depth, secondary depth, and jump length were measured in 
each experiment after stable flow conditions were achieved. 
The secondary depth and jump length were measured where 
the asymmetric flow was nearly horizontal and air bubbles 
were not present. The initial depth of the jump in the 
expansion section was measured using a point gauge with 
an accuracy of ±1 mm. The measurements were made at 

five locations on a transverse section and the mean values 
were taken as the initial depth. For measurement of the 
secondary depth, the average depth of the five points of 
the transverse section was obtained. Then, using digital 
imaging of the jump length, the depth at the same section 
was estimated by the Get Data Graph Digitizer software. 
The mean depth values obtained from the Get Data Graph 
Digitizer and the mean value of depth measured by points 
gauge at five points of flume width were considered as 
the secondary depth of the jump. The jump length was 
also measured to an accuracy of ±1 mm. Fig. 2 shows 
the top view of the S-jump occurring asymmetrically on 
the rough bed. The range of measured variables is also 
presented in Table 1.

 

 
 

Fig. 2. Top and side view of an asymmetric S-jump on the rough bed. 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Top and side view of an asymmetric S-jump on the rough bed.

Table 1. Range of Measured Variables.
 

Table 1. Range of Measured Variables. 
 

Parameters Bed type 
Smooth bed  Rough bed 

1b (cm)  20  15  10   20  15  10  
Q (L/min) 175-350 150-284 150-188  175-350 150-284 150-188 

1y (cm)  0.89-1 0.93-1.1 0.95-0.92  0.89-1 0.93-1.1 0.95-0.92 

2y (cm)  4.8-9.7 4.6-9 5.7-7.1  4.2-4.8 3.85-6.9 4.5-5.65 

jL (cm)  40-86 44-92 74-101  34-74. 41-82 65.5-85 
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2- 2- Dimensional Analysis
By considering Fig.1 , the shear stress coefficient (ε ) can be 
defined using the function of Eq. (1):
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where ρ is the water density, 1v represents the velocity at 
the toe of the jump, μ denotes the dynamic viscosity, ε is the 
shear stress coefficient, g is the gravitational acceleration, 
and b1 and b2  represent the upstream and downstream widths 
of the channel, respectively. The term y1 represents the initial 
depth of the jump, h is the height of the roughness elements 
and I is the density of roughness elements. By using the Pi-
Buckingham theory and selecting μ, v1, and y1 as the repeated 
parameters, the extracted dimensionless parameters are given 
in Eq. (2):
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Here, Fr1 is the Froude number at the beginning of the S-jump, 
Re1 is the inflow Reynolds number, h/y1 is the dimensionless 
height of the roughness element, and B is the ratio of upstream 
and downstream channel widths (the expansion ratio). In the 
current study, the roughness density was a constant and the 
Reynolds number ranged from 13029 to 33875. Therefore, 
the flow was turbulent and this made it possible to ignore 
the effects of viscosity and roughness density. The range 
of initial depth variation was also insignificant because a 
constant gate opening height was used for the expansion 
ratio. On the other hand, given the fact that the height of the 
roughness element was constant, we were able to ignore the 
effect of the dimensionless height of the roughness element (

12.8 / 3.14h y≤ ≤ ). Hence, Eq. (3) is as follow:
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Similarly, the jump length ( jL ), secondary depth ( 2y ), and 
energy loss ( LE ) can also be expressed as follows;
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Where, 1E  and 2E are the specific energy values upstream 
and downstream of the jump. Finally, the depth ratio ( 2 1/y y
), relative length ( 1/jL y ) and efficiency of the jump (

1/LE E η= ) can be expressed by Eq. (7) as:

1 1 1 2 1 2( , , , , , , , , , )f v g b b y y I h    (1) 
 

1
2 1

1

1 1 1
1

2 1

( ,

Re , , , )

vf Fr
gy

y v b hB I
b y






 

 
 (2) 

 

3 1( , )f Fr B   (3) 
 

2 4 1 1 2 1( , , , , , , , , )y f v g b b y I h   
 

(4) 

5 1 1 2 1 2( , , , , , , , , , )jL f v g b b y y I h   
 

(5) 

1 2

6 1 1 2 1 1

( )
( , , , , , , , , , )

  LE E
v

or E
f g b b y E I h 

 
 (6) 

 

2
7 1

1 1
, , ( , )jLy f Fr B

y y
   (7) 

 

1 2 1 2 EF (M M ) (F F ) F       (8) 
 

2
1

F
y

    
0.5

 


 (9) 

 

2
1 10.16 0.  1  8Fr Fr     (10) 

 

  
exp

exp exp2 2
2 2 2 2

exp

( )
( ) ( ) ( ) ( )

cal

Cal cal

cal

n X X X X
R

n X X n X X




 

  
   

 

 

(11) 

 
2

exp
1

1 100
 
    
  


n

calNRMSE X X
n M

 (12) 

 

2.18
10.687 8.06Fr B  (13) 

 

 (7)

The ranges of initial Froude numbers and expansion ratios are 
presented in Table 2.

2- 3- Theoretical Background
The shear stress at the bed of a hydraulic jump is determined 
using the momentum equation. By applying the momentum 
equation in a sudden expansion section with a rough bed and 
selecting Ft as the resultant shear force along with the jump 
yields (see Fig. 1).
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where, 1F and 2F are the pressure forces before and after the 

Table 2. Range of Independent parametersTable 2. Range of Independent parameters 
 

Independent parameters 
expansion ratio (B) 

0.67 0.5 0.33 

initial Froude number ( 1Fr ) 4.6-11.1 4.6-11.2 8.6-11.3 
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jump, 1M  and 2M  are the momentum forces before and after 
the jump, 2

E 2 1 1F 0.5 (b b )y= γ −  is the pressure force on the 
expansion side wall, γ represents the density of the water, 
and b1 and b2 are the upstream and downstream widths of 
the channel. The shear stress coefficient (e) in a smooth and 
rough bed can be calculated by Eq. (9) [25, 30, 35, 36].
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Eq. (3) is proposed for calculating the shear stress coefficient 
in a smooth bed, as follows from [25]:
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Here, 1Fr  is the initial Froude number. In the current study, 
the shear stress coefficient in the sudden expansion channel 
was determined by Eq. (9) and the shear stress coefficient for 
a prismatic channel with a smooth bed was determined by 
Eq. (10). 

2- 4- Model Evaluation Criteria
An iterative method was used for calculating S-jump 
characteristics on a rough bed and statistical indices were 
used to quantify the ability of the correlation for performing 
calculations. For the indices, the coefficient of determination 
(R2) and the normalized root mean square error (NRMSE) 
were employed. The equations for calculating the statistical 
indicators are: 
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Where Xexp is the experimental value, calX  is the calculated 
value, n is the number of data sets, and M is the mean value. 
Values of 2R  near one and NRMSE less than 10% are 
considered acceptable [37].

3- Results and Discussion
A total of 40 different experiments were carried out on the 
physical model with smooth and rough beds and resulting 
values of shear stress coefficient, depth ratio, relative jump 
length, and jump efficiency were found. A discussion of these 
results will follow.

3- 1- Shear stress coefficient
One of the main reasons causing the reduction of the 
secondary depth and jump length on a rough bed compared to 
the smooth bed is the increase in the shear stress on the bed. 
Therefore, evaluating the shear stress and the shear stress 
coefficient is important. The variation of the shear stress 
coefficient in a sudden expansion channel with a rough bed 
for various Froude numbers and expansion ratios is shown 
in Fig. 3. As can be seen, the increase in the shear stress 
coefficient of the bed is proportional to the increase in the 
initial Froude number. The shear stress coefficient increases 
with a decrease in the expansion ratio of the section. The 
shear stress coefficients are very close to each other and 
the expansion effect is small. The reason for this behavior 
is related to the passage of flow lines through roughness 
elements which cause these lines to collapse, resulting in 
a vortex between the elements. The shear stress at the bed 
increases and the flow becomes turbulent with the increase 
in the Froude number and vortices are generated behind the 
various elements (see Fig. 1). 
The shear stress coefficients for the sudden expansion channel 
with expansion ratios of 0.67, 0.5, and 0.33 were 12.86, 13.3, 

 

 
Fig. 3. Shear stress coefficient versus Froude number and expansion ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Shear stress coefficient versus Froude number and expansion ratio.
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and 14, respectively. Considering the experimental data of the 
present study, Eq. (13), with 2R  0.997 and NRMSE of 2.5%, 
is proposed to predict the shear stress coefficient in the rough 
sudden expansion channel.
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3- 2- Depth Ratio
Dimensions of the stilling basin depend on the secondary 
depth. Consequently, knowledge of the jump is of particular 
importance for the design of basins. Based on the dimensional 
analysis, the depth ratio of the S-jump was calculated using 
the initial Froude number and the expansion ratio. Fig. 4 
shows the depth ratio of the S-jump on smooth and rough 
beds as well as the depth ratio computed by the Belanger 
equation for a prismatic channel and the depth ratio of the 
S-jump from Neisi and Shafai Bajestan [35]. As seen in Fig. 
4a, for all divergent ratios and Froude numbers, the depth 
ratios of the S-jumps on rough and smooth beds are less than 
that for the prismatic channel. Also, the depth ratio of the 
S-jump depth is directly related to the Froude number and 

expansion ratio. Therefore, an increase in the Froude number 
causes an increase in the depth ratio while a decrease in the 
expansion ratio reduces the depth ratio. Taking Figs. 4b, 4c, 
and 4d into consideration, and by comparing the depth ratios 
on the rough bed of the present study to those of the smooth 
bed of Neisi and Shafai Bajestan [35], it can be seen that 
the depth ratios of this study are low. The main reason for 
this difference is the dimensionless height of the roughness 
element and the different element shapes. Compared to the 
smooth bed, the depth ratio of the S-jump for all expansion 
ratios decreased by about 22%.
The relationship between the depth ratio as a function of the 
initial Froude number and the expansion ratio with 2R  value 
of 0.988 and NRMSE of 2.4%, is obtained as follows:
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Next, the secondary depth of the jump in the sudden expansion 
channel of the present study is compared with the results of 
Neisi and Shafai Bajestan [35] for the secondary depth of 
a classical jump in a prismatic channel. The dimensionless 

 

 
Fig. 4. Depth ratios of an S-jump for different expansion ratios, (a) all expansion ratios, (b) 0.67B , (c) 0.5B , (d)

0.33B . 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Depth ratios of an S-jump for different expansion ratios, (a) all expansion ratios, (b) 
0.67B = , (c) 0.5B = , (d) 0.33B = .
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depth deficit parameter (D) was calculated according to Ead 
and Rajaratnam [25]:
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Where *y  represents the secondary depth of the jump 
derived from the Belanger equation (a classical jump) and 

2y  is the secondary depth of the S-jump on the rough and 
smooth beds. The average values of the dimensionless depth 
deficit parameter are given in Fig. 5.
As seen in Fig. 5, sudden expansion channels with a rough 
bed are compared with a classical jump. The secondary 
depth of the jump for expansion ratios of 0.67, 0.5, and 0.33, 
respectively, decreased by 43.5, 49, and 59.3%.

3- 3- Relative Jump Length 
The relative length of the S-jump versus Froude number for 
expansion ratios of 0.67, 0.5, and 0.33 are shown in Fig. 
6. The relative lengths of the classical jump in Fig. 6 were 
determined using Eq. (16) given by Bradley and Peterka [38] 
or USBR.
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As shown in Fig. 6, the relative S-jump length in a sudden 
expansion channel increases in comparison with a prismatic 
channel; this trend increases with increasing the Froude 
number and reducing the expansion ratio. The average 
increases in jump length for expansion ratios of 0.67, 0.5, 
and 0.33 are 5.3, 6.2, and 9%, respectively. The collision of 

 
Fig. 5. Average values of depth deficit parameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Average values of depth deficit parameter.

the jet onto the channel sidewall in the S-jump is one reason 
for the increasing jump length. The effect of this collision 
decreases with decreasing expansion ratio of the section. 
According to Fig. 6, the roughness of the bed decreases the 
S-jump length compared to the smooth bed and also reduces 
the intensity of the jet collision onto the channel wall. By 
increasing the Froude number for all expansion ratios, the 
S-jump length values on the rough bed decrease compared 
to the prismatic and sudden expansion channel with a smooth 
bed. For Froude numbers greater than 7, the jump length 
is less than the corresponding value in a classic jump. For 
example; with expansion ratios of 0.67, 0.5, and 0.33, the 
jump length decreases by 5, 6.4, and 10.5%, respectively. The 
average reduction in the length of the S-jump on the rough 
bed at all expansion ratios ranges from 9-13.2% relative to a 
smooth bed.
Eq. (17), with R2 of 0.991 and NRMSE of 2.2% can be used 
to predict the relative length of the S-jump on the rough bed:
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3- 4- Efficiency of Jump
The difference between upstream and downstream specific 
flow energy, divided by the upstream value, is called the 
jump efficiency or relative energy loss. Fig. 7 shows values 
of the jump efficiency from the present study with smooth 
and rough beds compared with those obtained by Neisi and 
Bajestan [35]. The values for the classical jump efficiency 
in a prismatic channel with a smooth bed were determined 
according to the relation 2

1   (1 2 / )Frη = − [39].
In Fig. 7, the S-jump efficiency on smooth and rough beds 
is seen to increase with increasing the Froude number and 
decreasing expansion ratio. The expansion ratio of 0.33 is the 
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highest value of jump efficiency. It can be also seen from Fig. 
7 that the bed roughness increases the S-jump efficiency for 
all expansion ratios. According to Fig. 7, According to Fig. 7, 
the S-jump efficiency on the rough bed of the present study 
is higher than that of [35] and It seems that by decreasing 
of expansion ratio and increasing Froude number, the 
proximity of the jump efficiency of present study and [35] 
increase. According to values listed in Table 3, the sudden 
expansion channels with a smooth bed cause an increase of 
12 to 24.8% in the jump efficiency compared to the prismatic 
channel situation. Also, by comparing rough and smooth 
beds, it is concluded that the effect of a rough bed in a sudden 

expansion channel is less than the effect of an expansion on 
jump efficiency. The rough bed increases S-jump efficiency 
by less than 7%. It can be seen that an S-jump on a rough bed 
with an expansion ratio of 0.33 leads to a 30% increase in 
jump efficiency compared to a classical jump in a prismatic 
channel with a smooth bed.

In Table 3, h  parameter represents the S-jump efficiency 
on a rough bed and h* is the classical jump efficiency in a 
prismatic channel. Eq. (18) with R2 of 0.974 and NRMSE of 
1.4% was obtained through statistical analysis performed on 
the experimental data.
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(c) 

Fig. 6. Relative jump lengths in sudden expansion channels versus Froude numbers, (a) 0.67B , (b) 0.5B , (c)
0.33B . 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Relative jump lengths in sudden expansion channels versus Froude numbers, (a) 0.67B = , 
(b) 0.5B = , (c) 0.33B = .
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4- Conclusions
In this study, the effect of bed roughness on an S-jump in 
sudden expansion channels was determined. A total of 40 
different experiments were conducted on physical models 
with different expansion ratios. Parameters of shear stress 
coefficient, depth ratio, relative length, and S-jump efficiency 
were investigated and predictive equations were developed 

as a function of Froude number and the ratio of upstream and 
downstream channel widths. 
The following conclusions were drawn:
1. The shear stress coefficient for the rough sudden expansion 
channel is 12 times greater than that for the smooth prismatic 
channel.
2. An increase in the shear stress reduces the conjugated depth 
of an S-jump by about 22%, compared with a smooth bed.
3. For an expansion ratio of 0.33, the sudden expansion 
channels with a rough bed reduce the conjugated depth by 
an average of 58% compared with a prismatic channel with 
a smooth bed.
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Fig. 7. S-jump efficiency versus Froude number for sudden expansion channels, (a) 0.67B , (b) 0.5B , (c)
0.33B . 

 

Fig. 7. . S-jump efficiency versus Froude number for sudden expansion channels, (a) 0.67B = , (b) 
0.5B = , (c) 0.33B = .
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Table 3. Average values of efficiency increase in sudden expansion channel with smooth and 
rough bed compared to a prismatic channel.

Table 3. Average values of efficiency increase in sudden expansion channel with smooth 
and rough bed compared to a prismatic channel. 
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0.67 

This study (smooth bed) 

19.2 This study (Rough bed) 
17.57 Neisi and Shafai Bajestan (2013) [35] 
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This study (smooth bed) 

23 This study (Rough bed) 
21.7 Neisi and Shafai Bajestan (2013) [35] 
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4. The relative length of the S-jump on a rough bed for all 
expansion ratios was reduced by an average of 9 to 13%, 
compared with a smooth bed. 
5. For Froude numbers greater than 7, the jump length is 
less than the corresponding value for a classic jump. The 
expansion ratio of 0.67, 0.5, and 0.33 decreased the length by 
5, 6.4, and 10.5% compared to the classic jump, respectively.
6. Sudden expansion channels with a rough bed for all 
expansion ratios increased the efficiency of the S-jump by 13 

to 23.5%, compared to classical jump in prismatic channels.
7. Considering that sudden expansion channels with rough 
beds have lower secondary depths and jump lengths than the 
corresponding values in a classic jump, they can be a suitable 
alternative for the standard USBR basins, as needed.
8. Bed roughness increases bed shear stress and turbulence 
in sudden expansion channels reduces the intensity of the 
impact of the inlet jet with the sidewall of the channel in 
S-jump. Over time this can erode the channel wall.

B  expansion ratios (-) I  density of roughness elements (-) 

1b upstream width of the channel (m) jL  jump length (m) 

2b downstream width of the channel (m) 1M  momentum force before the jump (kN) 

D dimensionless depth deficit parameter(-) 2M  momentum force after jump (kN) 

1E specific energy in upstream of jump (m) 1Re  Reynolds number (-) 

2E  specific energy in downstream of jump (m) 1v  velocity at the toe of jump (m 1s ) 

LE  energy loss (m) 1y  initial depths of jump (m) 

1Fr  inflow Froude number (-) 2y  secondary depths of jump (m) 

1F  pressure forces before the jump (kN) *y  secondary depth of jump derived from Belanger equation (m) 

2F  pressure forces after the jump (kN)  Specific weight of water (kN 3m ) 

EF  pressure force on the expansion side wall (kN) Shear stress coefficient (-) 

F  shear forces along jump (kN) jump efficiency (-) 

g  Gravitational acceleration (m 2s )  dynamic viscosity (Pa s) 

h  height of roughness element (m)  Mass density of water (kg 3m ) 

 

Nomenclature 

B  expansion ratios (-) I  density of roughness elements (-) 

1b upstream width of the channel (m) jL  jump length (m) 

2b downstream width of the channel (m) 1M  momentum force before the jump (kN) 

D dimensionless depth deficit parameter(-) 2M  momentum force after jump (kN) 

1E specific energy in upstream of jump (m) 1Re  Reynolds number (-) 

2E  specific energy in downstream of jump (m) 1v  velocity at the toe of jump (m 1s ) 

LE  energy loss (m) 1y  initial depths of jump (m) 

1Fr  inflow Froude number (-) 2y  secondary depths of jump (m) 

1F  pressure forces before the jump (kN) *y  secondary depth of jump derived from Belanger equation (m) 

2F  pressure forces after the jump (kN)  Specific weight of water (kN 3m ) 

EF  pressure force on the expansion side wall (kN) Shear stress coefficient (-) 

F  shear forces along jump (kN) jump efficiency (-) 

g  Gravitational acceleration (m 2s )  dynamic viscosity (Pa s) 

h  height of roughness element (m)  Mass density of water (kg 3m ) 

 



R. Daneshfaraz et al., AUT J. Civil Eng., 5(2) (2021) 245-256, DOI: 10.22060/ajce.2020.18227.5667

255

References
[1] B. Nayebzadeh, M.a. Lotfollahi-yaghin, R. Daneshfaraz, 

Experimental study of Energy Dissipation at a Vertical 
Drop Equipped with Vertical Screen with Gradually 
Expanding at the Downstream, AUT Journal of Civil 
Engineering, 52(12)  (2021) 3059-3072 (in Persian).

[2] R. Daneshfaraz, M. Majediasl, R. Mirzaee, P. 
Parsamehr, Experimental study of the roughness bed 
with non-continuous trapezoidal elements on S-jump 
characteristics in the non-prismatic rectangular channel, 
Sharif Journal of Civil Engineering, 36.2(2.1) (2020) 
119-128 (in Persian).

[3] A. Parsaie, A.H. Haghiabi, M. Saneie, H. Torabi, 
Prediction of energy dissipation on the stepped spillway 
using the multivariate adaptive regression splines, ISH 
Journal of Hydraulic Engineering, 22(3) (2016) 281-292.

[4] R. Daneshfaraz, M. Majedi Asl, S. Razmi, R. Norouzi, 
J. Abraham, Experimental investigation of the effect of 
dual horizontal screens on the hydraulic performance of 
a vertical drop, International Journal of Environmental 
Science and Technology, 17(5) (2020) 2927-2936.

[5] N. Rajaratnam, Hydraulic jumps, J. Advances in 
hydroscience, (1967) 197-280.

[6] W.H. Hager, R. Bremen, N. Kawagoshi, Classical 
hydraulic jump: length of roller, Journal of Hydraulic 
Research, 28(5) (1990) 591-608.

[7] D. Vischer, W. Hager, Energy dissipators—hydraulic 
design considerations, IAHR Hydraulic Design Manual, 
(9) (1995).

[8] H. Chanson, T. Brattberg, Experimental study of the 
air-water shear flow in a hydraulic jump, International 
Journal of Multiphase Flow, 26(4) (2000) 583-607.

[9] K. Herbrand, The spatial hydraulic jump, Journal of 
Hydraulic Research, 11(3) (1973) 205-218.

[10] R. Daneshfaraz, M. Majedi Asl, R. Mirzaee, Experimental 
Study of Expanding Effect and SandRoughened Bed on 
Hydraulic Jump Characteristics, Iranian Journal of Soil 
and Water Research, 50(4) (2019) 885-896 (in Persian).

[11] R. Daneshfaraz, R. Mirzaee, a. Ghaderi, M. MajediAsl, 
The S-jump’s Characteristics in the Rough Sudden 
Expanding Stilling Basin, AUT Journal of Civil 
Engineering, 4(3) (2019) 349-354(in Persian). 

[12] R. Bremen, Expanding stilling basin, EPFL-LCH, 
(1990).

[13] S. Kusnetzow, Die Fliessbewegung bei plotzlicher 
Verbreirerung des Strombettes, Gidrotechniceskoe 
Stroitelstvo, 27(6) (1958) 34-37.

[14] T. Unny, The spatial hydraulic jump, in: IX IAHR 
Congress Belgrade, (1961)32-42.

[15] N. Rajaratnam, K. Subramanya, Hydraulic jumps below 
abrupt symmetrical expansions, Journal of the Hydraulics 
Division, 94(2) (1968) 481-504.

[16] W. Hager, Hydraulic jump in non-prismatic rectangular 
channels, Journal of Hydraulic Research, 23(1) (1985) 
21-35.

[17] R. Bremen, W.H. Hager, T-jump in abruptly expanding 
channel, Journal of Hydraulic Research, 31(1) (1993) 
6178.

[18] A. Alhamid, S-jump characteristics on sloping basins, 
Journal of Hydraulic Research, 42(6) (2004) 657-662.

[19] M.A. Matin, M. Hasan, M. Islam, Experiment on 
hydraulic jump in sudden expansion in a sloping 
rectangular channel, Journal of Civil Engineering (IEB), 
36(2) (2008) 65-77.

[20] S. Pagliara, M. Palermo, I. Carnacina, Scour and 
hydraulic jump downstream of block ramps in expanding 
stilling basins, Journal of Hydraulic Research, 47(4) 
(2009) 503-511.

[21] H. Zare, J. Doering, Forced hydraulic jumps below 
abrupt expansions, Journal of Hydraulic Engineering, 
137(8) (2011) 825-835.

[22] V. Jesudhas, R. Balachandar, T. Bolisetti, Numerical 
study of a symmetric submerged spatial hydraulic jump, 
Journal of Hydraulic Research, 58(2) (2019) 335-349.

[23] V. Chow, Open channel hydraulics, McGrawHill, New 
York, (1959).

[24] H. Chanson, R. Carvalho, Hydraulic jumps and stilling 
basins, Energy Dissipation in Hydraulic Structures 
Chanson, H., Ed.; CRC Press: Leiden, The Netherlands, 
(2015) 65-104.

[25] S. Ead, N. Rajaratnam, Hydraulic jumps on corrugated 
beds, Journal of Hydraulic Engineering, 128(7) (2002) 
656-663.

[26] N. AboulAtta, G. Ezizah, N. Yousif, S. Fathy, Design 
of stilling basins using artificial roughness, International 
journal of civil and environmental engineering, 3(2) 
(2011) 65-71.

[27] H. Samadi-Boroujeni, M. Ghazali, B. Gorbani, R.F. 
Nafchi, Effect of triangular corrugated beds on the 
hydraulic jump characteristics, Canadian Journal of Civil 
Engineering, 40(9) (2013) 841-847.

[28] S. Pagliara, M. Palermo, Hydraulic jumps on rough 
and smooth beds: aggregate approach for horizontal and 
adverse-sloped beds, Journal of Hydraulic Research, 
53(2) (2015) 243-252.

[29] M. Kumar, A. Lodhi, Hydraulic jump over sloping 
rough floors, ISH Journal of Hydraulic Engineering, 
22(2) (2016) 127-134.

[30] P. Parsamehr, D. Farsadizadeh, A. Hosseinzadeh Dalir, 
A. Abbaspour, M.J. Nasr Esfahani, Characteristics of 
hydraulic jump on rough bed with adverse slope, ISH 
Journal of Hydraulic Engineering, 23(3) (2017) 301-307.

[31] M. Palermo, S. Pagliara, A review of hydraulic jump 
properties on both smooth and rough beds in sloping and 
adverse channels, 16(1) (2017) 91-105.

[32] S. Felder, H. Chanson, Air-water flow patterns 
of hydraulic jumps on uniform Hydraulic beds 
macroroughness, Journal of Hydraulic  Engineering, 
144(3) (2018) .

[33] P. Khosravinia, H. Sanikhani, C. Abdi, Application of 
soft computing techniques to Predict of hydraulic jump 
length on rough beds, Journal of Rehabilitation in Civil 
Engineering, 6(2) (2018) 147-162.

[34] R. Norouzi, R. Daneshfaraz, A. Bazyar, The Study of 
Energy Depreciation due to the use of Vertical Screen 
in the Downstream of Inclined Drops by Adaptive 



R. Daneshfaraz et al., AUT J. Civil Eng., 5(2) (2021) 245-256, DOI: 10.22060/ajce.2020.18227.5667

256

NeuroFuzzy Inference System (ANFIS), AUT Journal of 
Civil Engineering, 53(3) (2019) 921-934(in Persian).

[35] K. Neisi, M. Shafai Bejestan, Characteristics of S-jump 
on Roughened Bed Stilling Basin, Journal of Water 
Sciences Research, 5(2) (2013) 25-34.

[36] N. Torkamanzad, A. Hosseinzadeh Dalir, F. Salmasi, A. 
Abbaspour, Hydraulic Jump below Abrupt Asymmetric 
Expanding Stilling Basin on Rough Bed, Water, 11(9) 
(2019) 1756.

[37] M. Bitri, S. Grazhdani, A. Ahmeti, Validation of the 

AquaCrop model for full and deficit irrigated potato 
production in environmental condition of Korça Zone, 
South-eastern Albania, in, IJIRSET, (2014).

[38] J. Bradley, A. Peterka, The hydraulic design of stilling 
basins: hydraulic jumps on a horizontal apron (basin i), 
Journal of the Hydraulics Division, 83(5) (1957) 1-24.

[39] W.H. Hager, R. Sinniger, Flow characteristics of the 
hydraulic jump in a stilling basin with an abrupt bottom 
rise, Journal of Hydraulic Research, 23(2) (1985) 101113

HOW TO CITE THIS ARTICLE
R. Daneshfaraz, M. Majedi Asl, R. Mirzaee, G. Tayfur, Hydraulic Jump in a Rough 
Sudden Symmetric Expansion Channel, AUT J. Civil Eng., 5(2) (2021) 245-256.
DOI: 10.22060/ajce.2020.18227.5667


