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ABSTRACT 

Hydraulic jumps occur when the flow shifts from supercritical to subcritical, forming a standing wave with 

a sudden increase in the water surface elevation in the channel. This transition gives rise to a turbulent 

zone, where surface rollers are generated, leading to vigorous water mixing, air entrainment, and 

significant dissipation of water energy. The present study deals with hydraulic jumps in a rectangular 

channel, having a composite section characterized by a rough major bed (made of uniform plastic 

granules) and a positive slope under various flow circumstances. The hydraulic characteristics were 

assessed for varying bed roughness and positive slopes, focusing on the relative length of the hydraulic 

jump (Lj/h1) and flow rate. The experimental data analysis revealed that the roughness of the main bed and 

the channel slope affect the Lj/h1 ratio. The extensive data on the hydraulic jumps in rough channel beds 

have facilitated the development of mathematical models to represent the Lj/h1 ratio as a function of 

roughness and slope factors. 

Keywords-hydraulic jump; relative length of the hydraulic jump; slope; compound rectangular channel; rough 

major bed   

I. INTRODUCTION  

The hydraulic jump, initially noted by Leonardo da Vinci in 
the 16th century, is employed to develop energy-efficient 
structures at spillway bases and other diverse applications [1-
3]. In 1828, hydraulic jumps were linked to the momentum 
principle, a connection validated through experimental studies 
[4]. 

A hydraulic jump is a complex flow phenomenon and 
surface discontinuity that occurs during the shift from 
supercritical to subcritical flow in open-channel conditions. Its 
occurrence is influenced by many hydraulic structures, 
including thresholds, weirs, sluice gates, piers, or stilling 
basins. These structures increase the flow depth and enable the 
flow transition through the hydraulic jump. This transition 
involves a highly turbulent flow, marked by large-scale 
turbulence, surface waves, spray, energy dissipation, and air 
entrainment, with significant dissipative characteristics [5]. 
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Hydraulic jumps on sloped surfaces are used to dissipate 
the excess energy downstream of hydraulic structures, like 
regulators, weirs, dams, and spillways. The properties of 
hydraulic jumps on inclined beds have been thoroughly 
examined [6-13]. 

Authors in [14] explored hydraulic jumps with positive 
slopes in triangular channels. Authors in [15] expanded the 
study of hydraulic jumps with positive slopes to include 
triangular and U-shaped channels. Subsequently, authors in 
[16] investigated hydraulic jumps in trapezoidal channels. 
Hydraulic jumps in rectangular channels with varying positive 
slopes were investigated in [17-21], which are highly relevant 
to the hydraulic jumps on rough, sloping surfaces and their 
environmental sustainability implications. 

This study experimentally quantifies the combined effects 
of the major bed roughness and positive channel slope on the 
relative length of hydraulic jumps (Lj/h1) in a rectangular 
channel with a compound section. The configuration utilized 
corresponds to the type D jump as classified in [7]. A 
dimensionless empirical relationship was established to 
describe the variation of the relative jump length (Lj/h1) as a 
function of the incident flow’s Froude number, relative 
roughness, and channel slope. The outcomes of this research 
will have practical implications for the hydraulic structure 
design. By uncovering the impact of relationship between the 
major bed's roughness and the channel's slope on the relative 
length, engineers and designers can make informed decisions to 
enhance the performance and stability of the hydraulic systems. 

II. MATERIALS AND METHODS 

At the EVRNZA Laboratory of Ouargla University, 
experiments were conducted in a rectangular channel with a 
composite section, featuring a rough main bed and a positive 
slope to study the hydraulic jumps. Figure 4 shows that all 
experiments were carried out in a free-surface channel. The 
measurements of this channel are 10 m in length, 0.5 m in 
height, and the plexiglass makes up its side walls. The 
measurements of the horizontal experimental channel are 4 m 
in length, 15.5 cm in height, with a minor bed (b) of 14.4 cm 
height, a major bed (B) of 25 cm height, and a compound 
rectangular section. The channel’s bottom is completely 
horizontal.  

The upstream section of the channel is mounted on a screw-
nut mechanism, allowing for elevation adjustments via a metal 
arm that turns the screw for altering the channel's slope angle: 
tan(α) = 0, 0.005, 0.01, 0.015). It is linked to the supply basin 
by a circular pipe with a diameter of 150 mm, which terminates 
in a sealed metal box. An opening is placed in a flat metal wall 
of a specified width, creating an entry into the channel. This 
wall is designed to generate a torrential flow with a variable 
output section to provide a torrential flow. The height of this 
flow corresponds to the initial ledge height h1 (h1 = 2.5 cm, 3 
cm, 3.5 cm, and 4 cm). The h1 values are chosen to achieve 
practical Froude number ranges Fr ≈ 2–8 similar to real-world 
scenarios. The valve can be adjusted to manage the volume 
flow rates. With a steady 55.55 l/s flow rate, supplied by an 
axial pump. Experiments were conducted using four roughness 
values (ε = 6 mm, 8 mm, 10 mm, 12 mm) to mimic industrial 

and natural settings, ensuring flow homogeneity. Plastic pellets 
with central holes (Figure 1) were fixed as roughness elements 
along the channel bed using a fishing line and a strong adhesive 
to ensure durability against the torrential flow. These were 
chosen over materials like paper, glass, sheet metal, or gravel 
for their rigidity and resistance to high-flow conditions. 

The flow rate was measured using a rectangular weir 
positioned at the terminus; the specific flow rate is derived by 
substituting the height h into [22]: 

� � 0,3794	
2�
�1 � 0,16496
�,������/� ℎ���
�/�    (1) 

 

 
Fig. 1.  Mats for different diameters with known roughness. 

 

 
Fig. 2.  Upstream view of the hydraulic jump. 
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Fig. 3.  Composite section channel with rough major bed. 

 
Fig. 4.  Simplified schema of the compound rectangular section measuring 
channel with variable positive slope, used for the experiment. 

 
Fig. 5.  Conceptual illustration for hydraulic jump. 

III. RESULTS AND DISCUSSION 

A. Variation of the Relative Length of the Hydraulic Jump 

(Lj/h1) with Froude Number (F1)  

Figures 6-10 illustrate the variations of the relative length 
of the jump as a function of the Froude number for four 
different angles of inclination: tan(α) = 0, 0.005, 0.01, 0.015, 
and absolute roughness: (ε = mm) = 0, 06, 08, 10, and 12. 

 

 
Fig. 6.  Variation in the relative length of the jump with the Froude number 
for roughness ε = 0 mm at various slopes. 

 

 
Fig. 7.  Variation in the relative length of the jump with the Froude number 
for roughness ε = 6 mm at various slopes. 

 

 
Fig. 8.  Variation in the relative length of the jump with the Froude number 
for roughness ε = 8 mm at various slopes. 
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Fig. 9.  Variation in the relative length of the jump with the Froude number 
for roughness ε = 10 mm at various slopes. 

 
Fig. 10.  Variation in the relative length of the jump with the Froude number 
for roughness ε = 12 mm at various slopes. 

The examination of the experimental data indicates that 
each scatter plot conforms to the shape of a singular curve. An 
adjustment using the linear least squares approach indicates 
that these curves conform to: 

� 
!" � # $ %&�     (2) 

Tables I- V present the experimental results. Figures 11-15 
illustrate the relationship adjustment for the four inclinations of 
the rectangular channel with a compound section. 

TABLE I.  VALUES OF PARAMETERS a1 

Roughness 0 mm 

tang(α) a1 R2 

0.000 13.662 0.9986 
0.005 14.674 0.9988 
0.010 15.036 0.9992 
0.015 15.578 0.9991 

 

 
Fig. 11.  Variation of the parameter a1 with different slopes, roughness (ε = 
0 mm). 

TABLE II.  VALUES OF THE PARAMETERS a2 

Roughness 6 mm 

tang(α) a2 R2 

0.000 13.950 0.9988 
0.005 14.890 0.9994 
0.010 15.215 0.9997 
0.015 15.434 0.9995 

 

 
Fig. 12.  Variation of the parameter a2 with different slopes, roughness (ε = 
6 mm). 

TABLE III.  VALUES OF PARAMETERS a3 

Roughness 8 mm 

tang(α) a3 R2 

0.000 14.182 0.9992 
0.005 14.681 0.9991 
0.010 15.066 0.9986 
0.015 15.522 0.9997 

 

 
Fig. 13.  Variation of the parameter a3 with different slopes, roughness (ε = 
8 mm). 

TABLE IV.  VALUES OF PARAMETERS a4 

Roughness 10 mm 

tang(α) a4 R2 

0.000 14.332 0.9975 
0.005 14.688 0.9984 
0.010 15.061 0.9991 
0.015 15.603 0.9989 

 

 
Fig. 14.  Variation of the parameter a4 with different slopes, roughness (ε = 
10 mm). 



Engineering, Technology & Applied Science Research Vol. 15, No. 5, 2025, 26676-26682 26680  
 

www.etasr.com Besser et al.: An Experimental Investigation of the Relative Length of Hydraulic Jump in a Rectangular … 

 

TABLE V.  VALUES OF PARAMETERS a5 

Roughness 12 mm 

tang(α) a5 R2 

0.000 14.328 0.9994 
0.005 14.639 0.9994 
0.010 14.997 0.9993 
0.015 15.63 0.9993 

 

 
Fig. 15.  Variation of the parameter a5 with different slopes, roughness (ε = 
12 mm). 

Figures 11-15 illustrate the variation of the parameter an in 
relation to the slopes (tang(α)) of the channel. 

The tangent of the slope angle (α) exhibits a linear 
distribution, which can be expressed by: 

#�  �  122.2 (#)��*� �  13.821   (3) 

(R² = 0.9542,  = 0 mm)   

#�  �  95.54 tang�α� � 14.156   (4) 

(R² = 0.9000,  = 6 mm)  

#�  �  88.10 tang�α� �  14.202   (5) 

(R² = 0.9978,  = 8 mm)   

#2  �  83.72 tang�α� + 14.293    (6) 

(R² = 0.9889,  = 10 mm)   

#3  �  85.28 tang�α� � 14.259   (7) 

(R² = 0.9696,  = 12 mm)   

Substituting the a parameters with their corresponding 
expressions in (2) yields: 

� 
!" � �122.2 tang�α�  �  13.821�%�, ( = 0 mm) (8) 

� 
!" � �95.54 tang�α�  �  14.156�%�, ( = 6 mm) (9) 

� 
!" � �88.10 tang�α�  �  14.202�%�, ( = 8 mm) (10) 

� 
!" � �83.72 tang�α�  �  14.293�%�, ( = 10 mm) (11) 

� 
!" � �85.28 tang�α�  �  14.259�%�, ( = 12 mm) (12) 

TABLE VI.  VALUES a AND b OF THE ROUGHNESS 
COEFFICIENT CORRELATED WITH THE CHANNEL'S 

INCLINATION ANGLE 

tang(α) 0 , 0.005, 0.01, 0.015 

ε /(B-b) (mm) a b R2 

0 122.2 13.821 0.9542 
6 95.54 14.156 0.9000 
8 88.10 14.202 0.9978 
10 83.72 14.293 0.9889 
12 85.28 14.259 0.9696 

 

 

 

Fig. 16.  Variation of parameters a and b as a function of roughness. 

#4 � 53.3048 6 /�	 5 7� �  118.76, 8² �  0.9175   (13) 
74 � 0.039 2 6 /�	 5 7� �  13.864, 8² �  0.9112     (14) 

It is advantageous to consolidate the five relationships into 
a comprehensive equation in the following format: 

�:
!" � ;<=�.��2>?

�@=A� � 118.76B (#)��*� � �.��C�?
�@=A� �

13.864D %�     (15) 

where ε /(B-b) is the relative roughness in the major bed and 
tang (α) is the channel's inclination angle.  

The global relation (15), being explicit and dimensionless 
in (Lj/h1), offers a direct and practical method for determining 
the relative length of the hydraulic jump (Lj/h1), given the 
incident Froude number F1, the slope of the tangential channel 
(α), and the absolute roughness (ε). 
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Fig. 17.  Variation of the experimental relative length of the jump Lj/h1, as a function of the theoretical relative length calculated using (15). 

Figure 17 demonstrates that most experimental 
measurements cluster around the initial justifying bisector, 
confirming its reliability. Additionally, the high correlation 
coefficient (R2 = 0.9988) indicates a strong agreement between 
the experimental data and the applied model. Furthermore, the 
Mean Absolute Error (MAE = 1.77571) reflects the model’s 
high accuracy, while the Mean Relative Error (RE = 0.0304) 
and the standard deviation of the relative error (σRE = 0.0241) 
highlight the consistency of the predictions across various 
conditions. Collectively, these metrics affirm the applicability 
of the general relationship for designing hydraulic structures, 
including damping basins.  

IV. CONCLUSION 

An experimental study was conducted to investigate the 
hydraulic jump in a rectangular channel with a compound 
cross-section characterized by a rough bed and a positive slope. 
The study analyzed the effects of the bed roughness and 
channel slope on the hydraulic jump's behavior. A 
dimensionless empirical relationship was developed to describe 
the variation of the relative jump length (Lj/h1) as a function of 
Froude number (Fr ≈ 2–8), relative roughness (ε /(B-b)), and 
channel slope (tan(α)).  

The results demonstrated that Lj/h1 decreases with an 
increasing absolute roughness and channel slope. However, the 
applicability of the linear model beyond the tested conditions 
(e.g., higher Froude numbers or different channel geometries) 
may be limited. For higher Froude numbers (Fr > 8) or non-
rectangular channel geometries, the nonlinear effects may 
emerge due to the complex interactions between the turbulent 
flow, roughness, and slope, necessitating further calibration or 
more sophisticated models to ensure the accuracy in the 
hydraulic structure design. 

NOTATIONS 

B: Width of the major bed [m] 

b: Width of the minor channel bed [m] 

ε: Roughness [m] 

ε /(B-b): Relative roughness in the major bed [ ] 

F1: Upstream Froude number (  %� � E FG
HAG!"I

  ) [ ] 

g: Gravity acceleration [m / s2] 

Lj: Length of jump [m]  

Lj/h1: Relative length of jump [ ] 

tang (α): Channel's inclination angle [ ] 

h1: Supercritical initial flow depth [m] 

h2: Subcritical flow Sequent depth [m] 

Q: Volume flow [m3/s] 

β: Aspect of form. β=b/B=14.4/25= 0.576 

ℎ��� ∶ depth of the overflowing water blade measured by 
the limnimeter instrument [m] 
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