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Abstract: Hydraulic jump is a phenomenon commonly observed downstream of dams, serving to dissipate
hydraulic energy or in water transport channels to raise the level of the watercourse. It is characterized by a rapid
transition from a supercritical flow state to a subcritical state, leading to considerable energy dissipation. This
paper aims to study and analyze the conjugate heights of the hydraulic jump in a rectangular channel with a
composite section, characterized by a uniform rough major bed and a positive slope, under diverse flow conditions
through experimental research. A series of experiments were conducted in a rectangular channel featuring
artificially rough beds composed of homogeneous plastic granules. Hydraulic parameters were measured for
different bed roughness and positive slopes, such as the two conjugate heights, initial h4, final h,, and flow rate.
Analysis of the experimental data showed that the rough major bed and the slope of the channel have an effect on
the ratio of the conjugate heights. With the availability of a large amount of experimental data on hydraulic jumps
on rough channel beds, mathematical experimental approaches have been obtained to express the Y ratio of the
conjugate heights of the hydraulic jumps as a function of roughness and slope parameters.

Keywords: The hydraulic jump, The Y ratio of conjugate heights, slope, compound rectangular channel, rough
major bed.

1. Introduction

The study of hydraulic jump problems began to arise at the beginning of the 19™ century. The hydraulic jump
was linked to the principle of momentum by Belanger in 1828. Researchers conducted experiments, and the results
showed excellent verification of the momentum principle of the hydraulic jump (Chen-Feng Li, 1995). When the
flow profile transitions from supercritical to subcritical, a standing wave known as a hydraulic jump is created.
This causes an abrupt rise in the water surface within the channel, leading to the formation of a turbulent zone. In
this zone, surface rollers are generated, resulting in intense water mixing and air entrainment, and accompanied
by the dissipation of a substantial amount of water energy (Alghwail, 2020).

Accelerating the flow rate or flow of water in open channels from supercritical to subcritical flow through
the formation of a perfectly developed hydraulic jump is one of the most important measures used to form this
hydraulic phenomenon near a dam, weir, or any hydraulic installation. This procedure greatly helps to reduce the
flow velocity and dissipate the energy of the flowing water, thus reducing the distance to be protected to avoid
the erosion problem at the bottom of the canal (Alghwail, 2021).
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Numerous researchers have studied the hydraulic jump, including (Bradley and Peterka, 1957), (Hager and
Bretz, 1987), (Hager and Li, 1992), and (Ead and Rajaratnam, 2002) The majority of these studies focused on
hydraulic jumps in rectangular channels with zero slope. However, the first in-depth study of hydraulic jumps in
rectangular channels with a positive slope was conducted by (Bakhmeteff and Matzke 1938), who examined the
surface profile, jump length, and velocity distribution of the hydraulic jump.

Significant works by researchers such as Wilson (1970), (Ohashi et al. 1973), (Rajaratham and Murahari
1974) and (Mikhalev and Hoang Ty An, 1976). (Debabeche et al. 2009) explored the hydraulic jump with a
positive slope in triangular channels. (Cherhabil, S., 2010) in his doctoral thesis, extended the study of hydraulic
jumps with positive slopes to triangular and U-shaped channels. Later, (Kateb, S., 2014) focused on hydraulic
jumps in trapezoidal channels. The most recent research on hydraulic jumps in rectangular channels with varying
positive slopes was conducted by (Nouacer, B., 2023).

The hydraulic jump evolving in rectangular channels composed of rough beds has recently been studied by
(Djamaa, W. , 2022; Lacheheb, S. , 2023).

This study presents experimental research on the hydraulic jump in a rectangular channel with a composite
section, featuring a rough major bed and a positive slope. The configuration used corresponds to the type D jump
as classified by (Kindsvater, 1944). The objective is to experimentally determine the impact of the major bed's
roughness and the channel's slope on the ratio of the conjugate heights of the jump (Y). Homogeneous rough mats
made of plastic granules were created and tested for this type of hydraulic jump.

Materials And Methods

All experiments on the hydraulic jJump evolving in a rectangular channel of compound section with a rough
major bed and a positive slope were carried out at the Laboratory for the Exploitation and Development of Natural
Resources in Arid Zones (EVRNZA) of the Civil Engineering Department. and Hydraulics of the University of
Ouargla.

All tests were conducted in a free-surface channel, as shown in Figure 4. The length of this channel is 10 m,
its height is 0.5 m, and its side walls are made of transparent plexiglass. The experimental channel is horizontal
with a compound rectangular section, length of 4 m, and height h=15.5 cm with the height of the minor bed b =
14.4 cm and major bed B =25 cm. The channel’s bottom is completely horizontal (zero slope). It is connected to
the supply basin via a circular pipe with a 150 mm diameter, which leads into a closed 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. The height of this flow will correspond to the initial height hy of
the ledge. The volume flow rates are controlled by adjusting the valve. An axial pump supplies the channel,
maintaining a flow rate of 55.55 I/s. the flow rate has been measured with a rectangular weir placed at the end,
the specific flow rate is obtained by injecting the height h into equation (1) of the weir (Hachemi Rachedi, L.,
2005)

Q =0,3794B lzgﬁ(l + 0,164—96,32'0716)3/2 h?iéi (1)

The experiment was carried out under four initial heights hl (cm) = 2.5, 3, 3.5, and 4. The tests started
under four different roughness tested e(mm) = 6; 8; 10 ; 12. The upstream part of the channel is placed on a screw-
nut system which gives the possibility to lower or raise it by means of a metal arm that rotates the screw, and
consequently, the slope of the channel varies value: tang (o) = 0; 0,005 ; 0,01 ; 0,015.
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2. Results And Discussion

Variation of the Y ratio of the conjugate heights of the jump as a function of the Froude number F1 and the
channel's inclination angle (o) :

Figure (5) show the adjustment of the ratio of the conjugate pitches Y= hy/h; as a function of the Froude number

F1 for four a distinct angles of inclination, such as: tang (o) = 0; 0,005 ; 0,01 ; 0.015, and absolute roughness:
(e=mm)=0;06;08;10and 12

B €=00 mm 2 €=06 mm

F1

slope(%) ® 0% @®050% ®1% ®1.50%

€=08 mm ii €=10 mm

slope(%) ® 0% ®050% @1% ®1.50% slope(%) ®0% ®0.50% ®1% ®1.50%

i €=12 mm

2 3 4 5
slope(%) ®0% ®0.50% ®1% @1.50% F1

Figure 5 : Variation of the ratio of the conjugate heights of the jump as a function of the Froude number
for roughness ¢ (mm) =0, 6,8, 10 and 12. tang (o) = 0 (); tang (a) = 0.005 (*); tang () = 0.01(*);

tang (o) = 0.015 (¢) experimental points (—) Adjustment curves

The analysis of the experimental measurements shows that each scatter plot follows the shape of a single curve.
An adjustment by the linear least squares method shows that this curve is of the form:

Y=aF:1

Tables (1) to (5) show the experimental data. Figures (6) to (10) show the relation adjustment for the four
inclinations of the rectangular channel of the compound section.
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Table 1: Values of the parameters a1

roughness Omm 19

tang(a) ai R? 7 =0
17

0 1.3177 0.9987 16

Yy =30.882x+1.3464
R*=0.9772

15

0.005 15416 09992
0.010 16598  0.9989 12§
0015 17930 09981 v 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

tang(a)

Figure 6: Variation of the parameter a; as a function of
tang (a) and roughness (=0 mm)

Table 2: Values of the parameters az

roughness 6mm 18
a 175 =6

tang(a) az R? =
0 14410 0.9997 - 20 caan 1 aam1

155 R? =0.998
0.005 1.5509 0.9997 .
0.010 1.6593 0.9996 1as

1.4
0015 17496 09994 0 0.002 0.004 0.006 0.008 0.01 0.012 O‘Oj:lan 0.016

g(at)
Figure 7: Variation of the parameter az as a function of
tang (o) and roughness (¢ = 6 mm)
Table 3: Values of the parameters as
roughness 8mm 185
a 18 =8 *

tang(a) a3 R? 175

1.7
O 14908 09991 165 y =20.384x+1.4706

16 R? =0.9642
0.005 1.5552 0.9992 l‘f;’
0.010 1.6483 0.9984

o] 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

0.015 1.7995 0.9981 tang(e)

Figure 8: Variation of the parameter as as a function of
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of tang (a) and roughness (€ = 8 mm)

Table 4: Values of the parameters a4

roughness 10 mm

tang(o) as R?

0 1.4600 0.9991
0.005 1.5804 0.9997
0.010 1.6413 0.9994
0.015 1.7407 0.9995

18

a 175 =10

17

1.65
16

155
y=18.06x+1.4702

15 R*=0.9857
145

1.4
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

tang(a)

Figure 9: Variation of the parameter a4 as a function of

Table 5: Values of the parameters as

roughness 12mm

tang(a) as R?

0 1.4988 0.9994
0.005 1.5720 0.9995
0.010 1.6596 0.9990
0.015 1.7557 0.9998

tang (o) and roughness (€ = 10 mm)

18

e=12

175
1.7
165
16

y=17.166x+1.4928

155 R? = 0.9964
15
1.45
14
0 0002 0004 0006 0.008 001 0012 0014 0016
tang(a)

Figure 10: Variation of the parameter as as a function

tang (a) and roughness (¢ = 12 mm)

Figures ( 6 to 10 ) clearly show that the variation of the parameter 'a’ as a function of the slope of the

tang(a) channel.

The Tang slope (o) also follows a linear distribution according to the following relationship:

a; = 30.882 tang(a)) + 1.3464
a2 =20.684 tang(a) + 1.4451
az =20.384 tang(a) + 1.4706
as = 18.060 tang(a) + 1.4702
as=17.166 tang(a) + 1.4928

R?=0.9772
R?=0.9980
R? =0.9642
R? =0.9857
R? = 0.9964

; € =00mm
; € =06mm
; € =08mm
; € =10mm

ce=12mm

Replacing the parameters a with their respective expressions in the relation Y = a F1, we obtain the following:

Y= [30.882 tang(t) + 1.3464] Fy
Y= [20.684 tang(ct) + 1.4451] Fy
Y=[20.384 tang(c) + 1.4706] F1

;£ =00mm
; £ =06mm

;£ =08mm
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Y=[18.060 tang(ct) + 1.4702] F1

Y=[17.166 tang(a) + 1.4928] Fy

;£ =10mm

;e=12mm

The table below shows the values a and b of the roughness coefficient correlated with the channel's inclination

angle.

35

30 9

20
15
10

5

0

a* = -1.1545¢/(B-b) + 29.747

25

£/(Bb)

tang(a) 0;0.005; 0,01 ; 0,015
e/(B-b) (mm) a b R?
0 30.882 1.3464 0.9772
6 20.684 1.4451 0.998
8 20.384 1.4706 0.9642
10 18.060 1.4702 0.9857
12 17.166 1.4928 0.9964
a
152
h 15
---------------- 148
lllllllllllllllllll 146
I - 144
O, 8 142
14
11545x+29.747 e
y=-1. X+29.
R2=0.9377 L ¢
134
132
2 1 6 8 10 i 1

y=0.0121x+13575
R*=0.9414

0N 1
£/(B-b)

Figure 11: Variation of the parameter 'a’ and 'b’ as a function of Roughness (&)

b* =0.0121¢/(B-b) + 1.3575

R?=0.9377

R?=0.9414

It would be convenient to reformulate the five relationships into an overall equation in the following form:

Y*= [(-1.1545 £/(B-b) + 29.747) tang(a) + 0.0121 &/(B-b) + 1.3575] Fy

@)

The global relation (2), being explicit and dimensionless in (Y™), provides us with a simple and practical

means for the determination of the ratio () of the conjugate heights, knowing the incident Froude number F1 and
the slope of the tang channel (o) and the absolute roughness (g).
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y
Figure 12: Variation in the ratio of the experimental conjugate heights Yexp as a function

of the ratio of the theoretical conjugate heights Y relationship Calculated according to the relation (2).
(—) First bisector of the equation: Yexp = Y'relation

This figure clearly shows that most of the experimental measurements revolve around the first justifying
bisector, that the latter is reliable, and that the overall relationship obtained applies to the design of hydraulic
structures, particularly damping basins.

3. Conclusion:

The hydraulic jump in a rectangular channel of compound section with rough major bed and positive slope
has been studied experimentally. In this scientific research work, we have experimentally examined the effect of
the major bed's roughness and the channel's positive slope on the hydraulic jump evolving in a compound
rectangular channel. A dimensionless global empirical relationship was obtained expressing the variation of the
ratio of the conjugate heights Y as a function of the Froude number F1 of the incident flow and the relative
roughness (¢/(B-b)) and the slope (tang(a)). It was deduced that this characteristic Y is reduced as a function of
the importance of the absolute roughness tested.

References:

[1] Alghwail, A.D.A., 2021. Investigation of the Perfect Hydraulic Jump in Horizontal Rectangular Channel. J.
Alasmarya Univ. 6, 222-229. https://doi.org/10.59743/aujas.v6i5.1144

[2] Alghwail, A.D.A., 2020. Experimental Study of Drowned Hydraulic Jump Characteristics Through Different
Counterflow Dimensions. Third Conf. Eng. Sci. Technol.

[3] Bakhmeteff, B.A., Matzke, A.E., 1938. The Hydraulic Jump in Sloped Channels. Trans. Am. Soc. Mech.
Eng. 60, 111-118. https://doi.org/10.1115/1.4020643

[4] Bradley, J.N., Peterka, A.J., 1957. Hydraulic Design of Stilling Basins: Hydraulic Jumps on a Horizontal
Apron (Basin I). J. Hydraul. Div. 83, 1401-24. https://doi.org/10.1061/JY CEAJ.0000126

[5] Chen-Feng Li, 1995. Determining The Location Of Hydraulic Jump By Lmodel Test And Hec-2 Flow
Routing (Master of Science). College of Engineering and Technology, Ohio University.

[6] Cherhabil, S., 2010. Le ressaut hydraulique dans les canaux prismatiques a pente variable (These de doctorat
en sciences). département de génie-civil et hydraulique, de I’université Mohamed Khider, Biskra, Algérie.

[7] Debabeche, M., Cherhabil, S., Hafnaoui, A., Achour, B., 2009. Hydraulic jump in a sloped triangular channel.
Can. J. Civ. Eng. 36, 655-658. https://doi.org/10.1139/L08-136

[8] Djamaa, W., 2022. Contribution a I’étude du ressaut hydraulique contr6lé par seuil a paroi mince évoluant
dans un canal rectangulaire de section composée avec lit mineur rugueux. (Thése de doctorat). Département
de Génie civil et Hydraulique, Université Kasdi Merbah Ouargla.

[9] Ead, S.A., Rajaratnam, N., 2002. Hydraulic Jumps on Corrugated Beds. J. Hydraul. Eng. 128, 656-663.
https://doi.org/10.1061/(ASCE)0733-9429(2002)128:7(656)

525



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 46 No. 1 (2025)

[10]Hachemi Rachedi, L., 2005. Analyse d’un écoulement au travers d’une contraction latérale (Mémoire de
magister en hydraulique). Département d’hydraulique, Université de Biskra.

[11]Hager, W.H., Bretz, N.V., 1987. Discussion of “Simplified Design of Contractions in Supercritical Flow” by
Terry W. Sturm (May, 1985, Vol. 111, No. 5). J. Hydraul. Eng. 113, 422-424.
https://doi.org/10.1061/(ASCE)0733-9429(1987)113:3(422)

[12]Hager, W.H., Li, D., 1992. Sill-controlled energy dissipator. J. Hydraul. Res. 30, 165-181.
https://doi.org/10.1080/00221689209498932

[13] Kateb, S., 2014. Etude Théorique Et Expérimentale De Quelques Types De Ressauts Hydrauliques Dans Un
Canal Trapézoidal (These de doctorat en sciences). département de génie-civil et hydraulique, de 'université
Mohamed Khider, Biskra, Algérie.

[14] Kindsvater, C.E., 1944. The Hydraulic Jump in Sloping Channels. Trans. Am. Soc. Civ. Eng. 109, 1107-
1120. https://doi.org/10.1061/TACEAT.0005733

[15] Lacheheb, S. , 2023. Contribution a 1’étude du ressaut hydraulique contrdlé par seuil & paroi mince évoluant
dans un canal rectangulaire de section composée avec lit majeur rugueux (These de doctorat). Département
de Génie civil et Hydraulique, Université Kasdi Merbah Ouargla.

[16] Mikhalev, M.A., Hoang Ty An, 1976. Kinematic characteristics of a hydraulic jump on a sloping apron.
Hydrotech. Constr. 10, 686—690. https://doi.org/10.1007/BF02381815

[17]Nouacer, B., 2023. Contribution A L’étude Théorique Et Expérimentale De Ressaut Hydraulique Evoluant
Dans Un Canal Rectangulaire Incline A Fond Rugueux (These de doctorat). Département de Génie civil et
Hydraulique, Université Kasdi Merbah Ouargla.

[18] Ohashi et al., 1973. Design of Combined Hydraulic Jump and Ski-Jump Energy Dissipator of Flood Spillway.
Presented at the X111 ICOLD Congress Madrid, p. Q.41, R.19: 311-333.

[19] Rajaratnam, N., Murahari, V., 1974. Flow Characteristics of Sloping Channel Jumps. J. Hydraul. Div. 100,
731-740. https://doi.org/10.1061/JYCEAJ.0003975

526



