
Experimental and numerical investigation for energy dissipation of supercritical flow in sudden contractions
Rasoul Daneshfaraz, Ehsan Aminvash, Reza Esmaeli, Sina Sadeghfam, John Abraham

Citation:
Rasoul Daneshfaraz, Ehsan Aminvash, Reza Esmaeli, Sina Sadeghfam, John Abraham. Experimental and numerical investigation
for energy dissipation of supercritical flow in sudden contractions[J]. Journal of Groundwater Science and Engineering, 2020,
8(4): 396-406.

View online: https://doi.org/10.19637/j.cnki.2305-7068.2020.04.009

Articles you may be interested in

Numerical investigation of hydraulic characteristics and prediction of cavitation number in Shahid Madani Dam’s Spillway
Journal of Groundwater Science and Engineering. 2019, 7(4): 323-332     https://doi.org/10.19637/j.cnki.2305-7068.2019.04.003

Optimization of geothermal water exploitation in Xinji, Hebei Province, P. R. China
Journal of Groundwater Science and Engineering. 2016, 4(3): 197-203     https://doi.org/10.19637/j.cnki.2305-7068.2016.03.005

Hydrogeology of the Ordos Basin, China
Journal of Groundwater Science and Engineering. 2017, 5(2): 104-115     https://doi.org/10.19637/j.cnki.2305-7068.2017.02.002

Experimental study on the velocity-dependent dispersion of the solute transport in different porous media
Journal of Groundwater Science and Engineering. 2019, 7(2): 106-114     https://doi.org/10.19637/j.cnki.2305-7068.2019.02.002

Hysteresis effects in geological CO2 sequestration processes: A case study on Aneth demonstration site, Utah, USA

Journal of Groundwater Science and Engineering. 2018, 6(4): 243-260     https://doi.org/10.19637/j.cnki.2305-7068.2018.04.001

http://gwse.iheg.org.cn/
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2020.04.009
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2019.04.003
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2016.03.005
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2017.02.002
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2019.02.002
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2018.04.001
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2018.04.001
http://gwse.iheg.org.cn/en/article/doi/10.19637/j.cnki.2305-7068.2018.04.001


http://gwse.iheg.org.cn396

 DOI: 10.19637/j.cnki.2305-7068.2020.04.009

Experimental and numerical investigation for 
energy dissipation of supercritical flow in sudden 

contractions
Rasoul Daneshfaraz1*, Ehsan Aminvash2, Reza Esmaeli2, Sina Sadeghfam1, John Abraham3

1 Department of Civil Engineering, Faculty of Engineering, University of Maragheh, Maragheh, Iran.
2 Department of Civil Engineering, University of Maragheh, Maragheh, Iran.

3 University of St Thomas, School of Engineering, St Paul, USA.

Abstract: Dealing with kinetic energy is one of the most important problems in hydraulic 
structures, and this energy can damage downstream structures. This study aims to study 
energy dissipation of supercritical water flow passing through a sudden contraction. The 
experiments were conducted on a sudden contraction with 15 cm width. A 30 cm wide flume 
was installed. The relative contraction ranged from 8.9 to 9.7, where relative contraction refers 
to the ratio of contraction width to initial flow depth. The Froude value in the investigation 
varied from 2 to 7. The contraction width of numerical simulation was 5~15 cm, the relative 
contraction was 8.9~12.42, and the Froude value ranged from 8.9~12.42. In order to simulate 
turbulence, the k-ε RNG model was harnessed. The experimental and numerical results 
demonstrate that the energy dissipation increases with the increase of Froude value. Also, 
with the sudden contraction, the rate of relative depreciation of energy is increased due to the 
increase in backwater profile and downstream flow depth. The experimentation verifies the 
numerical results with a correlation coefficient of 0.99 and the root mean square error is 0.02. 
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Introduction

As one of the critical issues for many hydraulic 
structures, kinetic energy of water flow must be 
dissipated by water-control structures. If the flow 
energy is not reduced, downstream structures 
may be damaged or destroyed. Energy dissipation 
is proportional to the flow turbulence and the 
contraction of flow can significantly decrease the 
energy. A sudden contraction in the flow passage 
will lead to a hydraulic jump, which dissipates the 
destructive energy. Experiments and theoretical 
studies show that stilling basins, bed roughness, 
and screens have energy dissipation effects.

Yasuda and Hager (1995) studied hydraulic 

jumps in a rectangular channel with a gradual 
contraction in supercritical flow for relative con-
tractions of 0.3~0.8 and with lengths of 1 080 mm, 
1 550 mm and 2 080 mm. The results show that 
with the increase of upstream Froude number, 
the depth of downstream flow and the end of 
the contraction zone increase. WU Bao-sheng 
and Molinas (2001) studied the subcritical flow 
behavior using a short contraction. Their results 
show that the discharge coefficient is mainly 
affected by the relative contraction. Dey and Raikar 
(2007) studied the characteristics of subcritical 
flow in scouring pits induced by a long contraction. 
The results indicate that the scour depth increases 
with the decrease of relative shrinkage and the 
increase of wall roughness.

Jan and Chang (2009) studied hydraulic jumps 
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in the contraction of an inclined rectangular chute. 
In the contraction zone, the flume width decreased 
linearly at different angles and numbers. The results 
show that as the Froude value increases, the energy 
dissipation increases. Also, the relative hydraulic 
jump length decreases with the decrease of river 
bed inclination. Although the study of sudden 
contraction energy dissipation in supercritical flow 
is limited, this brief literature focuses on the study 
of hydraulic jumps and energy dissipation in those 
circumstances.

 Rajaratnam and Hurtig (2000) examined 
energy dissipation of supercritical flow through 
screens with a porosity of 40%. The results 
show that as the Froude value increases, energy 
dissipation also increases. Studies on the effect of 
the thickness and percentage of porosity of screens 
on energy dissipation by Çakir (2003) were also 
considered. The results show that screens are 
effective in energy dissipation and the thickness 
of screens does not have much effect. Bozkus 
et al. (2007) researched the effect of screens on 
energy dissipation. It is shown that 40% porosity 
and multiple arranged screens can dissipate 
more energy than a traditional hydraulic jump. 
Sadeghfam et al. (2015) employed screens with 
porosity of 40% and 50% and for Froude values 
between 2.5 and 8.5. Their research shows that 
the energy dissipation effect of screens is better 
than that of free and submerged hydraulic jumps. 
They also showed that double screens performed 
better than the single screen. Nayebzadeh et al. 
(2020) examined the numerical characteristics of 
flow in vertical drops with a gradual expanding 
wall. The results show that the simultaneous use of 
divergence and screens increases the dissipation. 
Investigations just like the characteristics of 
a hydraulic jump and its type in diverging 
stilling basins with smooth beds have also been 
performed by researchers such as Rajaratnam and 
Subramanya (1968), Herbrand (1973), Bremen and 
Hager (1993), Alhamid (2004) and Matin et al. 
(2008).

In recent years, different numerical methods 
and softwares have been used to simulate the 
destructive kinetic energy dissipation on structures. 
Sharif and Rostami (2014) used the Flow-3D 
software to analyze the effect of flow separation 
on energy dissipation in a compound bucket. They 
simulated three buckets with angles of 20, 40 and 

80 degrees. Their researches show that a bucket 
with an angle of 20 degrees is the most efficient 
and consumes more energy than other buckets. 
Jamil and Khan (2010) studied energy dissipation 
and hydraulic characteristics of a hydraulic jump 
in a circular channel section. The results show that 
with the increase of Froude number, the relative 
length of the hydraulic jump and total energy 
dissipation increase. Daneshfaraz et al. (2014a, 
2014b) examined the numerical flow on the 
stepped spillway using Fluent. The results show 
a significant increase in the energy dissipation 
on the stepped spillway. Also, by examining the 
flow on the ogee, stepping spillways numerically, 
comparing the finite element methods and the 
limited volume, they concluded that the finite 
volume method has much more acceptable results 
than the finite element method. Lebdiri et al. 
(2018) compared the finite element method with 
the finite volume method for free surface profile 
flows. The results show that both methods can 
estimate the free surface profile well. Ghazi et 
al. (2019) numerically investigated the hydraulic 
characteristics and cavitation in the spillway of 
Shahid using the finite volume method. They 
observed that the results of the finite volume 
method were close to the measured data and 
there was no cavitation in the spillway. The study 
of hydraulic jump in different conditions of the 
channel bed using VOF and CFD methods has also 
been done by other researchers such as Chippada 
et al. (1994), Babaali et al. (2014), Castillo et al. 
(2014). Numerical and laboratory studies of energy 
dissipation caused by a hydraulic jump on ogee 
and stepped spillways have been performed by 
researchers such as Ghaderi and Abbasi (2019), 
Daneshfaraz et al. (2019a, 2019b, 2019c), Zhou et 
al. (2020), Ghaderi et al. (2020) and Daneshfaraz 
et al. (2017).

To study the energy dissipation of water 
flow, previous studies have focused on different 
dissipation structures, such as gradual contractions 
and contracting chutes. To the present authors’ best 
knowledge, there are limited studies on energy 
dissipation of supercritical flow through a sudden 
contraction with different relative contractions. 

1 Materials and methods

1.1 Experimental set-up
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In this study, a horizontal open channel flume 
0.3 m in width, 0.5 m in depth and with a 5 m 
length was adopted. The experimental facility is 
located at the University of Maragheh in Iran. The 
walls are made from Plexiglass in order to provide 
good visibility. The inlet flow and flow depths 
were measured by two rotameters with an absolute 
error of 2%. They were installed at the outlet of 
the pump and measured with a point gage with an 
accuracy of 1 mm. Supercritical flow conditions 
were generated using a sluice gate with a 1 cm 

thickness and a 2.60 cm opening with the distance 
of 1.5 m away from the inlet of flow. In terms of 
building a sudden contraction in the flow path, 
panels were installed 1.5 m from the sluice gate. 
Two triangular panels of 22.5 cm length were used 
at the end of the structure to reduce the turbulence. 
Fig. 1 provides a detailed schematic representation 
of the experimental flume, indicating measurement 
locations. Table 1 presents the discharge and the 
Froude values used in the experiments.

Table 1 Discharge and Froude number used in the experiments

Fig. 1 (a) Schematic figure of the flume; (b) details in the plan view 

1.2 Flow-3D and the simulation features

As a powerful computational fluid dynamic 
modeling software, Flow-3D can help engineers 
better understand many flow processes. In Flow-
3D, free surfaces are modeled with the volume 
of fluid (VOF) technique, which has all the 
recommended components for successful treatment 
of the free surface. Flow-3D solves the continuity 
and momentum equations, including the turbulence 
models such as the k-ε model, the k-ε model and 
large eddy simulation. The general forms of the 
continuity and momentum equations are presented 
in Equation 1 and Equation 2, respectively, as 
follows (Ghaderi et al. 2020):

                                                                                                 

∂
∂
χ
Ui

j
= 0                                (1)

δ
δ χ χ χ χ
Ui P Ui
ti i i i j
+ + + − +ρ µ ρUi pu ju j gi∂

∂ ∂ ∂ ∂
Ui ∂ ∂ ∂( ' ' )  (2)

Where: Ui, u’i are average and fluctuating 
velocities in the xi direction respectively, x i= 
(x, y, z), Ui= (U, V, W) and u’i= (u’, v’, w’). The 
symbols ρ, µ, P and gi are density, dynamic 
viscosity, pressure, and gravitational acceleration 
respectively. Instantaneous velocity is defined as 
ui= Ui+u’i for the three directions.

Table 2 shows comparison of the results with 
k-ε (RNG), and k-ω turbulence models in terms of 
R2 and NRMSE coefficients.

Num 10 9 8 7 6 5 4 3 2 1

Q (L/m) 750 700 650 600 550 500 450 400 350 300

Fr value 6.36 5.97 5.67 5.28 4.90 4.52 4.13 3.74 3.36 2.97
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Table 2 Comparing experimental with numerical Froude value in turbulence models

According to Table 2, the RNG turbulence 
model shows the best results, so it is selected as 
the turbulence model for all simulations. Table 3 

shows the range of variables measured during the 
experiment. 

Table 3 Range of measured variables 

Contraction
(cm)

Discharge
(L/s)

Upstream depth    
(cm)

Froude value Downstream depth 
(cm)

Reynolds value

5 5.5~12.4 2.01~2.05 2.48~5.18 4.4~8.9 75 000~141 260

10 5.5~12.4 2.01~2.05 2.44~4.91 4.55~9.2 76 500~159 000

15 5.5~12.4 1.54~1.62 2.72~6.53 4.72~10.2 59 000~238 000

Methods
RNG k-ε k-ω

R2 0.995 0.956 0.937

NRMSE 0.02 0.09 0.11

1.3 Computational grid and boundary 
conditions

Table 4 provides information about the com-

putational mesh. In the Cartesian coordinate 
system, the mesh size of all models is 0.005 m 
which was determined using a mesh-refinement 
study.

Table 4 Details of the computational mesh 
Size of cells X direction    Mesh plane   Y direction Mesh plane Z direction Mesh plane

0.005 (m)
1 2 1 2 1 2

1.00 3.80 0.00 0.30 0.00 0.40

The boundary conditions are listed in Table 5. 
The flow domain comprises of seven components, 
including (1) the inflow boundary; (2) the sluice 
gate which generates supercritical flow; (3) the 
reservoir; (4) the sudden contraction; (5) the outflow 

boundary; (6) the bottom and side boundaries; 
and (7) the top boundary. Fig. 2 shows the flow 
domain, meshing features and boundary conditions 
for the 5 cm width contraction.

Table 5 Boundary conditions 
X boundaries Y boundaries Z boundaries

Min Max Min Max Min Max

Volume Flow Rate (VFR) Outflow Wall Wall Wall Symmetry

 Fig. 2 Schematic of grid solution, boundary conditions and meshing details
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The specific energy, depth, and the critical 
depth are used to calculate energy dissipation. 
Equation 3 and Equation 4 are used to calculate 
the upstream and downstream specific energy, 
respectively. Due to the existence of turbulence, the 
depth of water flow cannot be measured accurately 
after the hydraulic jump. Consequently, Equation 5 
and Equation 6 are used to calculate the flow depth 
after the hydraulic jump and the critical depth, 
respectively. The classical hydraulic equations are 
presented in Table 6.

Table 6 Classical equations of energy and 
hydraulic jump  

E = y + = y +0 0
V
2

0

g

2

0 2
q
gy

2

0

2                          (3)

 
E = y + = y +1 1 1

V
2

1

g

2

2
q
gy

2

1

2                              (4)

 
y = = Fr1

y
2
0 (-1+ 1+8 )

0

2
                           (5)

 
y =cr 3

q
g

2

                                         (6)
 

F =cr
V
gy
0

0

                                        (7)

            (8)
 

(9)

 
(10)

Where: E0 and E1 mean specific energy up-
stream and downstream; y0 and y1 refer to the 
upstream flow depth and the flow depth after 
the hydraulic jump; V0 and V1 are upstream 
and downstream velocities, respectively; q is 
the discharge per unit width; g is the gravity 
acceleration; Fr0 is the Froude value of the up-
stream flow; and ycr is the critical depth.

The relative error, RMSE, and NRMSE are 
calculated based on Equation 8, Equation 9 and 
Equation 10, respectively.

1.4 Dimensional analysis

Using dimensional analysis, the functional 
relationship of governing parameters is as follows:

 s Q Fr V W B l d D E E y y ycr g L=φ ρ µ[ , , , , , , , , , , , , , , , ]0 0 1 0 1
 (11)

Where: S is the energy dissipation rate; Q is the 
flow discharge; Fr0 is the upstream Froude number; 
V is the fluid velocity; W means the channel width; 
B is the contraction width; l refers to the length of 
the contraction; d equals to the sluice gate opening; 
y0 is the flow depth before the jump; y1 shows the 
flow depth after the jump; ycr is the critical depth; g 
represents the gravity acceleration; ρ is the density; 
µ is the dynamic viscosity; L is the length of jump. 
Based on the Buckingham theorem with repeating 
variables p, g and y0, the non-dimensional par-
ameters are produced: 

φ  
 
 
Fro ,Re , , , , , , ,0

W l B d L
y y y y y y y y0 0 0 0 0 0 0 0

E E0 1 ycr = 0    (12)

Note that in the present study, the Reynolds 
number is neglected due to turbulence. The chan-
nel width, contraction length and gate opening 
are constant during the test, so their changes are 
ignored. As the relative jump length, relative 
crit ical depth and relative contraction are 
beyond the scope of this study, the independent 
dimensionless parameters are defined as follows:

 
∆
E y y
E
0 0 0

=φ  
 
 
Fr0 , ,E E0 1                       (13)

2 Results and discussion

2.1 Laboratory observations

After the laboratory model was constructed and 
the flow discharge valve was open ed, the upstream 
liquid accelerates near the gate to a critical speed, 
and then further accelerates to a supercritical state. 
When the flow reaches the entrance of contraction, 
there will be a reversed flow and hydraulic jump, 
and the depth of the contraction zone will increase. 
Therefore, when the water flows through the 
contraction, the turbulence intensity increases and 
bubble entrainment occurs. The measurements 
revealed that the flow velocity increases by incr-
easing the discharge rate. 

2.2 Experimental results

Fig. 3 shows the relative energy dissipation 
in the sudden contraction with 15 cm width. The 
figure shows that the sudden contraction leads 

100×
−

=
Exp

NumExp
r E

xx
E

[ ]21∑ −= NumExp xx
n

RMSE

MinMax xx
RMSENRMSE
−

=
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to the increase of the relative energy dissipation 
downstream and upstream.

According to Fig. 3a and Fig. 3b, the relative 
energy dissipation increases with the increase 
of Froude value. When the supercritical flow 

impacts the contraction elements, the turbulence 
intensity and bubble entrainment increase and the 
corresponding energy dissipation increases through 
the reverse flow and hydraulic jump.

   

Fig. 3 Relative energy dissipation: (a) at upstream; (b) at downstream

2.3 Results of Flow-3D calculations

2.3.1 Validation

The Flow-3D results are verified by com-
parison with experimental data for 15 cm sudden 
contractions. The series of images in Fig. 4 
compare the experimental and numerical results.

Fig. 4 Comparison between experimental and numerical results of: (a, b) Upstream and downstream 
relative energy dissipation; (c, d) Upstream and downstream energy dissipation
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Fig. 4c and Fig. 4d show a comparison of the 
energy dissipation in the upstream and downstream 
flows, respectively. As shown by the R2 and 
NRMSE, the numerical results agree with the 
experimental results.

2.3.2 Relative energy dissipation

Turbulence occurs when the flow strikes the 
contraction element. The simulation time step is 
0.009 seconds and the final time is 15 seconds, 
sufficient to obtain stable flow conditions. The 
simulation time stopped at 10 seconds when the 
steady conditions had been achieved. After the 
simulations, the required parameters for the energy 

dissipation were extracted and then the specific 
energy rate upstream and downstream were 
calculated based on Equation 3 and Equation 4. 
Finally, the relative energy was been calculated.

(1) Relative energy dissipation in the 5 cm 
contraction

The results were analyzed using the parameters 
of upstream relative energy dissipation (ΔE/E0) 
and downstream relative energy dissipation (ΔE/
E1) based on the upstream flow Froude number 
and the relative contraction. Fig. 5 shows the 
relative energy dissipation variations with the 
upstream flow Froude value as well as the relative 
contraction.   

Fig. 5 Relative energy dissipation for a 5 cm contraction: (a) At upstream (b) at downstream 

Fig. 5a and Fig. 5b indicate that the relative 
energy dissipation rate upstream and downstream 
of the contraction increases with the upstream 
Froude number. As the Froude number increases, 
the velocity increases and the flow contracts 
more rapidly. Reversed flow is a major reason 
for energy dissipation. In addition, the hydraulic 
jump, variation in flow regime, and increase of 
turbulence and air entrainment at the contraction 
zone are contributors. 

By considering the results for a 5 cm width 
contraction, Equation 14 and Equation 15 were 
adopted to estimate the relative energy dissipation 
in the upstream and downstream regions, res-
pectively.

  
R
NRMSE

ΔE
E

2

0

= 0.999

= -0.00584 + 0.124 - 0.0678

= 0.01

Fr Fr0 0
2

R
NRNSE

ΔE
E

2

0

= 0.990

= -0.00189 + 0.0723 - 0.0608

= 0.025

Fr Fr0 0
2

 

These equations estimate the numerical values 
of the relative energy dissipation with a maximum 
relative error of 3.95% and 9% for upstream and 
downstream, respectively. Fig. 6 compares the 
numerical and calculated values of the relative energy 
dissipation based on Equations 14 and Equation 15. 

(2) Relative energy dissipation in the 10 cm 
contraction

Fig. 7 shows the change of relative energy 
dissipation in a 15 cm wide contraction and reveals 
that the use of sudden contraction in supercritical 
flow increases the upstream and downstream 
energy dissipation. Fig. 7a and Fig. 7b show 
the upstream and downstream relative energy 
dissipation, respectively, as a function of the 
upstream Froude value.

(14)

(15)
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Fig. 6 Comparison between upstream/downstream relative energy dissipation and Equation 
14 and Equation 15

Fig. 7 Relative energy dissipation for a 10 cm contraction: (a, b) Upstream and downstream 
relative energy dissipation

These figures clearly show that the relative 
energy dissipation rate increases with the upstream 
Froude number. With the increase of discharge 
rate, the Froude value and flow velocity in the 
upstream increase. When the high-velocity flow 
hits the contraction elements, reversed flow and a 
hydraulic jump occur. In fact, the hydraulic jump 
can lead to air entrainment, energy dissipation and 
low-velocity flow. 

Equation 16 and Equation 17 are used to 
estimate the relative energy dissipation upstream 
and downstream, respectively by considering the 
output data of 10 cm wide contraction simulation.

R
NRMSE

ΔE
E

2
0

= 0.989

= 7.02 10 + 0.0738 - 0.101

= 0.021

× -5 2Fr Fr0 0

   (16)

  
 

R
NRMSE

ΔE
E

2
0

= 0.995

= -0.00068 + 0.298 - 0.352

= 0.022

Fr Fr0 0
2

        (17)

These equations are used to estimate the 
numerical values of the relative energy dissipation 
with a maximum relative error of 5.33% and 5.79% 
for the upstream and downstream, respectively. 
Fig. 8 shows the comparison between the nume-
rical and calculated values.   

2.3.3 A comparison of energy dissipation in 
the models

Fig. 9 illustrates a comparison of the relative 
energy dissipation for different Froude values and 
for all three models. Also, Fig. 9a and Fig. 9b show 
the energy dissipation upstream and downstream 
of the contraction element, respectively.

As seen in Fig. 10, as the upstream Froude 
value increases, the energy dissipation in all 
the three models increases so that the energy 
dissipa-tion for 15 cm contraction is greater than 
that of 5 cm and 10 cm contractions. The result 
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shows that the Froude value increases with the 
discharge rate and velocity. The high-velocity flow 
hits the contraction elements and the hydraulic 
jump occurs, leading to the air entrainment and 
energy dissipation in the contraction zone. The 

reversed flow resulting from the collision of the 
high-velocity flow to the contraction increases. 
These phenomena intensify as the Froude number 
increases.

Fig. 8 Comparison between upstream and downstream relative energy dissipation with Equation 16 
and Equation 17

Fig. 9 Comparison of relative energy dissipation in models: (a) at upstream (b) at downstream

3 Conclusions

This study aimed to investigate the energy 
dissipation of supercritical fluid under sudden 
contraction by numerical and experimental 
methods. In the present study, the VOF method 
was used to simulate free surface flow and the 
RNG method was selected for the turbulence 
model. The results showed that the Froude value 
upstream of the sudden contraction calculated by 
the numerical method has a positive correlation 
with the experimental data. The efficiency of a 
short contraction with a supercritical flow has a 
significant effect on the dissipation of destructive 
kinetic energy. Also, increasing the width of the 

sudden contraction increases the downstream 
flow depth and the relative energy dissipation. 
In this study, three contraction sizes of 5 cm, 10 
cm and 15 cm were used. In these three models, 
by increasing the Froude value of upstream, the 
relative energy dissipation of 15 cm contraction is 
more than 10 cm.
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