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Abstract
Stilling basins are energy-dissipating structures that consistently convert flow from a supercritical to a subcritical state.
Negative pressure fluctuations cause significant damage in the basin area. Submerged jet injection nearly eliminates
the negative pressure effects in supercritical flow, reducing turbulence and flow velocity downstream. This research
aimed to investigate the combined effect of a multiple submerged jet system and continuous corrugated roughness on
controlling hydraulic jumps in sudden expansion sections. For this purpose, experiments were conducted in a
laboratory flume using three combinations of continuous corrugated beds and submerged jet injection systems. The
results showed that the hydraulic jump, with three submerged jet discharge rates and within the inlet Froude number
range of 6 to 11, reduced fluctuation intensity and water surface variation in the post-expansion section. It also
increased energy dissipation. The energy dissipation rate for horizontal submerged jets was, on average, approximately
20 to 25 percent higher than that of classical and discrete jumps. Correspondingly, at a Froude number of 6, the jump
length, roller length, and conjugate depths decreased by 50%, 44%, and 63%, respectively, indicating the positive
impact of this system on flow stability.

Introduction

A hydraulic jump is a phenomenon in which the flow transitions from a supercritical to a subcritical
state. This phenomenon significantly increases the flow depth over a relatively short distance, thereby
reducing the flow velocity and energy (Ahadiyan et al., 2024). Dissipating the flow energy before it moves
downstream is an effective solution to prevent potential damage to the canal bed and downstream structures
(Ead and Rajaratnam, 2002; Hajialigol et al., 2021; Hajialigol et al., 2024). Khedri-Mirghaed et al.
(2018) proposed the use of suspended spherical blocks anchored to the floor of a stilling basin. These blocks
had a relative density lower than water and were connected to the basin floor using resistant plastic tethers.
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Their results showed that the sequent depth, hydraulic jump length, and energy dissipation all increased
when these blocks were used compared to a smooth bed. It was also found that changing the arrangement
of the barriers did not significantly change the rate of energy dissipation. Research on hydraulic jump
formation has been conducted over rough beds with various shapes, including triangular, cubic, rectangular,
trapezoidal, and sinusoidal configurations. The results demonstrated that rough beds significantly reduce
the hydraulic jump length (Hager et al., 1990). Furthermore, studies on the properties of hydraulic jumps
over sinusoidal beds revealed a linear relationship between the conjugate depth ratio and the Froude
number. Haghdoost et al. (2022), investigated the effects of a Lateral Jet Flow (LJF) on the stabilization
and key characteristics of the spatial hydraulic jump in a stilling basin with suddenly expanding channels.
According to their results, the distance of the LJF from the narrow channel and the number of LJFs improve
the stabilization of the hydraulic jump and enhance the flow pattern in the downstream channel. Mahjoubi
et al. (2024) investigated a jet system positioned to intersect the flow from an ogee spillway after a sudden
expansion. Their results showed a decrease in the momentum parameter from the expansion point
downstream. Sharoonizadeh et al. (2022), in a subsequent study, experimentally investigated the interaction
effects of multiple submerged opposing jets on the hydrodynamic characteristics of the flow in a
downstream channel. The results concluded that the examined system performs effectively in preventing
flow instability phenomena associated with suddenly expanding channels.

Another energy dissipation method involves the use of submerged jets. These jets are injected horizontally
or at an angle, either from the front or the side of the flow, in conjunction with the hydraulic jump. This
technique enhances energy dissipation downstream and reduces the conjugate depth ratio, jump length, and
bottom shear forces (Tahmashipour, et al., 2024).

The purpose of this study is to investigate the effects of a counterflow jet and bed roughness on the energy
dissipation performance of the structure. Undoubtedly, increasing the energy dissipation capacity of the
structure influences the downstream hydraulic jump characteristics and the required length of the stilling
basin.

Methodology

The experiments were conducted in a flume located in the hydraulic models laboratory of the Faculty of
Water and Environmental Engineering at Shahid Chamran University, Ahvaz. The flume system consists
of a storage tank measuring 1 m in width and 2.4 m in length, and an ogee spillway with a height of 0.6 m
and a width of 0.67 m. The main channel is horizontal with a rectangular cross-section, 12 m long, 1 m
wide, and 0.87 m deep.

The tests were performed for corrugated beds, with three distinct configurations as detailed in Table 1.
These were compared to a baseline case featuring an asymmetric discrete jump without continuous bed
roughness.

Subsequently, a submerged jet was introduced into the flow. The jet injection system was connected to the
flume's storage tank. The jet flow rate was measured using an ultrasonic flow meter, with values ranging
from 4.5 to 8 liters per second. In the longitudinal section of the continuous corrugated bed, the flow
absorption, roller length, and hydraulic jump length were measured.

Due to the high turbulence in the overflow section, the initial depth was determined using Belanger's
equation (Equation 1) and the downstream depth. The energy dissipation percentage was calculated using
Equation (2) (Chanson, 2015).

y2 = 2(\1+8Fr,2 -1) (1)

x 10027 = @)
1



23
The effect of a submerged jet ... Vol. 48, No. 3, 2025

where E; is the flow energy at the upstream, y, is the first depth of hydraulic jump measured using
Equation (1), and y, is the second depth of jump measured by a point gauge, and Fr, is the Froude No. of
the second depth.

Table 1- Characteristics and test variables of the research

Name of Corrugated bed Abb.. name Jet discharge Main discharge Froud
corrugated bed  dimensions (cm) of jet (L/s) (L/s) Number
26 10.8
C1 S=3;t=1 J1 4.5 37 9.5
c2 S=5;t=3 J2 6 45 8.7
C3 S=10;t=6 J3 8 56 7.4
67 6.2

Results and Discussion

In this research, experiments were conducted using five primary flow rates: 26, 37, 45, 56, and 67 liters per
second. The initial energy of the flow was determined by measuring the overflow depth at the spillway.
Additionally, the sequent depth (or secondary depth) of the hydraulic jump was obtained by measuring the
water depth downstream of the spillway.

The initial depth of the hydraulic jump at the toe of the spillway was then calculated using Equation (1).
Energy dissipation calculations were performed using Equation (2) to determine the percentage of energy
loss.

A summary of the test combinations and the resulting energy dissipation percentages for the three types of
corrugated beds is presented in Table 2. By determining the location of the hydraulic jump, its influence on
the energy dissipation rate was assessed, allowing for the identification of the optimal jump configuration
associated with maximum energy loss.

Table 2- The results of the percentage of energy consumption in different situations
Froud Number

Model 6.2 6.2 6.2 6.2 6.2
S1: Sample 19.246 44.446 61.081 53.599 29.032
c1 26.305 8.031 19.185 4522 11.642
c2 11.48 13.277 16.495 4.073 21.584
c3 34.457 38.822 40.490 17.468 1.743
C1-J1 9.710 2.940 4278 14.967 77.195
C1-12 2.365 13.716 20.742 28.145 35,576
C1-33 6.974 20.799 30.341 42.103 55.367
C2-11 9.500 23.106 32.040 42314 53.002
C2-32 10.885 24.928 34.295 45522 57.969
C2-13 7.090 20.843 30.115 41569 53.939
C3-11 70.371 17.126 0.849 19.903 51.369
C3-02 33.429 3.492 14.425 35.390 58.852
C3-13 5.008 4.291 21.239 45.608 60.026

Conclusions

The experimental results demonstrated that the energy dissipation in basins with larger corrugated bed

dimensions is approximately 15% higher than in those with smaller dimensions. Furthermore, with the
addition of a submerged jet, this value reaches up to 30% in the case of discrete jumps.
The counterflow jet system positively influenced the asymmetric jump, enhancing its stability and
improving flow uniformity. At a Froude number (Fr) of 6, the energy loss, hydraulic jump length, and roller
length were measured at 50%, 44%, and 63%, respectively. Moreover, as the flow rate increases, the relative
reduction in hydraulic jump length diminishes.
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In summary, the findings of this study indicate that the combined use of bed roughness and submerged jets
as an energy dissipation system significantly improves the flow pattern and key characteristics of the
hydraulic jump. Consequently, the implementation of submerged jets can help prevent severe damage to
hydraulic structures and protect the downstream riverbed.
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Table 1- A number of relationships predict the length of the jump and the length of the swell in the

rough bed
No. Researcher Equation
L:
(D) Herbrand, 1973 L;_B: 08 ; B <064
j
i L; Fr; —1
2) Matin et al., 1998 Y~ 220 tanh Ty )
V1 22
L:
3) Hager et al., 1990 L]_B —2-VB
j
L F
“ Hager et al., 1990 o 12 4160 tanh (i)
Y1 20
®) Hager and Bremen, 1993

L 8(Fr, — 1.5)
—=8(Fr, — 1.
Y1 !

Fig. 2- The laboratory experimental section used in this study
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Table 2- Characteristics and test variables of the research

Froud Main discharge Jet discharge Abb. name of  Corrugated bed Name of
Number (L/s) (L/s) jet dimensions (cm)  corrugated bed
10.8 26
9.5 37 4.5 I S=3;t=1 Cl
8.7 45 6 2 S=5;t=3 C2
7.4 56 8 13 S=10;t=6 C3
6.2 67

Fig. 3- A view of the gate of the flume (a) and the ogee spillway (b)
(D) (9! 2o 9 (H) pold dm 0 5l (e -1 S

Fig. 4- A view of the bed roughness (a) and hydraulic jump on the bed (b)
(9) St 33 (SN 31 9 (AN s (8 25 S0 S (o lod €SB
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Fig. 5- A view of the sinusoidal corrugated bed after the expansion
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Table 3- The process of naming and combining experimental models in research

Model t (cm) S (cm) Discharge of jet (L/s)
C1-I1 1 3 4.5
C1-J2 1 3 6
C1-J3 1 3 8
C2-J1 3 5 4.5
C2-12 3 5 6
C2-J3 3 5 8
C3-J1 6 10 4.5
C3-12 6 10 6
C3-J3 6 10 8
Cl 1 3 -
C2 3 5 -
C3 6 10 -
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Table 4- The results of the percentage of energy consumption in different situations

Froude Number

Model 6.2 7.4 8.7 9.5 10.8
S1: Sample 19.246 44.446 61.081 53.599 29.032
Cl 26.305 8.031 19.185 4.522 11.642
C2 11.48 13.277 16.495 4.073 21.584
C3 34.457 38.822 40.490 17.468 1.743
C1-J1 9.710 2.940 4.278 14.967 77.195
C1-J2 2.365 13.716 20.742 28.145 35.576
C1-13 6.974 20.799 30.341 42.103 55.367
C2-J1 9.500 23.106 32.040 42.314 53.002
C2-12 10.885 24.928 34.295 45.522 57.969
C2-13 7.090 20.843 30.115 41.569 53.939
C3-J1 70.371 17.126 0.849 19.903 51.369
C3-J2 33.429 3.492 14.425 35.390 58.852
C3-J3 5.008 4.291 21.239 45.608 60.026
100 esl
90 eCl
20 C2
o . o3
Cl1-J1
_ 60 e ' C1-12
EN 50 e oCIi-j3
<0 : ° ' ®C2-J1
° [ ] ®C2-J2
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. 0 S ° o C3-13
4 5 6 7 9 10 1 12

Fig. 6- The relative energy consumption of hydraulic jump caused by the presence of corrugated bed and
submerged jet
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Fig. 7- Comparison of hydraulic jump conjugate depths ratio against Froude number in the presence of
corrugated bed and submerged jet
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Fig. 8- Comparison of the Froude number against the length of the hydraulic jump to its conjugated
depth in the corrugated bed

Iz g0 st 33 OT 29930 308 4 Comd (SIP D 3 Job 9l 90 39 Suhe duylio —A IS



A

YK o NFF LY oyl FA o) 53

GOLT (pwkige 5 p5ke

200
175
150
125

100

L./Y,

75
50
25

0
8

Fr

10 12

Fig. 9- Variations of the relative jump length against Froud number for bed with different roughness
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