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Abstract: In this study, the main properties of the hydraulic jump in an asymmetric trapezoidal flume are analyzed experimentally, including the so-called sequent depths, characteristic lengths, and efficiency. In particular, an asymmetric trapezoidal flume with a length of 7 m and a width of 0.304 m is considered, with the bottom of the flume transversely inclined at an angle of m = 0.296 and vertical lateral sides. The corresponding inflow Froude number is allowed to range in the interval (1.40 < F1 < 6.11). The properties of this jump are compared to those of hydraulic jumps in channels with other types of cross-sections. A relationship for calculating hydraulic jump efficiency is proposed for the considered flume. For F1 > 5, the hydraulic jump is found to be more effective than that occurring in triangular and symmetric trapezoidal channels. Also, when 
[Lr(h2−h1)s]
mes > 8 and 
Lrh2
> 5, the hydraulic jump in the asymmetrical trapezoidal channel downstream of a parallelogram sluice gate is completely formed as opposed to the situation where a triangular sluice is considered.
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Nomenclature



	At
	Area of the water outlet of the sluice gate, m²



	D
	Transverse difference in bed elevation, m



	F1
	Inflow Froude number



	g
	Acceleration of gravity, m/s2



	h0
	Difference in water depth between the deeper and the shallow side, m



	h1 (c)
	Initial height of the water on the centerof the channel width, m



	h1 (d)
	Initial height of the water on the deeper side of the channel width, m



	h1 (s)
	Initial height of the water on the shallow side of the channel width, m



	H1
	Charge in the first section of the hydraulic jump, m



	h1ave
	Average depth of upstream sequences, m



	h2 (c)
	Final height of the water on the center of the channel width, m



	h2 (d)
	Final height of the water on the deeper side of the channel width, m



	h2 (s)
	Final height of the water on the shallow side of the channel width, m



	H2
	Charge in the last section of the hydraulic jump, m



	h2ave
	Average depth of downstream sequences, m



	hv
	Height of the sluice gate, m



	l
	Channel width, m



	L
	Channel length, m



	Lr(d)
	Length of the roll on the deeper side, m



	Lr(s)
	Length of the roll on the shallow side, m



	M
	Parameter, M = mh/b,



	m
	Transverse inclination of the channel bottom concerning the horizon



	Q
	Flow discharge, m3/s



	x0
	Width of the cross section, m



	Y
	Sequent depths



	ΔH
	Loss energy, m



	Δy
	Height of the downstream lift gate, m



	η
	Efficiency of the hydraulic jump, %



	
(Lrh2−h1)
s
	Ratio of length of the roll on the shallow side and h2−h1



	
Lr dh2 ave

	Ratio of the length of the roll on the deeper side and h2 ave



	
Lr sh2 ave

	Ratio of the length of the roll on the shallow side and h2 ave





1  Introduction

A hydraulic jump primarily dissipates excessive kinetic energy from flow downstream, which has been frequently observed in hydraulic structures such as spillways and sluice gates. The hydraulic jump is an intriguing and interesting phenomenon that has attracted the attention of many researchers since it was first characterized by Leonardo Da Vinci in the 1500s [1]. For more than 300 years, the myth of hydraulic jump has not been well explained by researchers. Until 1818 [2], an Italian engineer Bidone appeared and conducted the first test to investigate this phenomenon. However, Chanson [3] recently claimed that future research in aerated flow hydraulics should focus on high-quality field measurement, development of new measurement approaches and data analysis tools, computational fluid dynamics modeling of aerated flows, and mechanics of aerated flows in conduits.

The hydraulic jump has been defined in several studies. For example, Sinniger et al. defined the hydraulic jump in free surface flow as a sudden transition from supercritical to subcritical flow [4], characterized by a important turbulence, intense air entrainment and signifcant fuctuations in the velocity and pressure felds [5]. These turbulences cause a significant loss of energy [6], which becomes the operating principle of all water flow energy dissipators. Flows on the free surface at high speeds are complex multiphase flow motions observed in natural water systems such as breaking waves, torrents, bores, and hydraulic structures.

Many scholars have contributed to the analysis of the free surface flow discontinuity, including Darcy and Bazin, Bresse, and Unwin. They described the phenomenon in detail and discussed its length [7]. High-velocity water flow energy dissipators were required in the framework of large dam development during the twentieth century, specifically in 1930. A hydraulic jump in a stilling basin effectively dissipates excess kinetic energy downstream of large dam spillway chutes, which contributed to a significant design improvement. In 1992, Hager [8] for the first time published a book on the design of energy dissipators, and the author presented the state-of-the-art hydraulic jumps and associated stilling basins, as well as design criteria and recommendations. Over the last two decades, the research on this topic has steadily expanded due to technological advancements in measurement tools and calculation programs. Several recent studies have been carried out on the hydraulic jump, such as the study Kim et al., which investigated flow turbulence and pressure fluctuations in a hydraulic Jump [9]. A numerical modelling of negative steps hydraulic jumps was carried out by Macián-Pérez et al. to improve energy dissipation in stilling basins [10].

Fig. 1 depicts a typical lateral view of a hydraulic jump and describes its key geometric and flow parameters. F1 is the inflow Froude number of upstream of the hydraulic jump. In the case of a rectangular channel with a constant width b (m), the application of the momentum principle between the upstream (1) and downstream (2) sections of a fixed location where hydraulic jump occurs with a constant discharge Q (m³/s) leads to the following relation among the main flow variables [1,4]:


12g b h12+Q V1=12g b h22+Q V2
(1)

where g (m/s2) is the acceleration due to gravity; h1(m) is the inflow depth and V1(m/s) is the inflow velocity, equal to Q/A (A(m²)-the flow cross section). Eq. (1) assumes a hydrostatic pressure distribution in Sections 1 and 2, i.e., negligible transverse and span wise flow velocities compared to streamwise one. It also neglects bottom slope and friction effects due to the short hydraulic jump length (i.e., abrupt flow depth variation).
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Figure 1: Side view of a hydraulic jump and main variables [9]

F1[-] denotes the inflow Froude number (
F=Vgh 
in a rectangular cross-section). The Belanger equation [11], directly derived from Eq. (1), links the sequent depth ratio Y [-] (the ratio between the so-called conjugate depth h2 and the supercritical upstream water depth h1) to the upstream flow properties in Section 1.


Y=h2h1=0.5[1+8F12−1]
(2)

Mavis and Luksch in 1936 found that the characteristic length 
Lrh2− h1
in a horizontal rectangular channel is equal to five, while Bakhmeteff et al. in 1936 obtained the maximum values of 
(Lrh2− h1) max in a rectangular channel of about eight [12,13].

The efficiency η[-] of the hydraulic jump is defined by the ratio of the head loss ∆H from side to side of the jump to the upstream head H1 [4]:


η=ΔHH1
(3)

where H = h + 
V22g

Sinniger et al. proposed the following general equation to compute the efficiency of a hydraulic jump [4]:


η= 1−Y+F122(1−A12A22)1+F122
(4)

Eq. (4) can be simplified for a rectangular section into


η=1−Y+F122Y21+F122
(5)

The jump roller length Lr is the longitudinal distance over which the water elevation increases monotonically [3]. Hager et al. proposed a correlation for the roller length on a smooth bed [13]:


Lr/h1=6(F1−1)
(6)

Trapezoidal open channels are commonly used to transport water in irrigation systems, drainage ditches, and stormwater management systems [14,15]. Wanoschek et al. [16] studied symmetrical trapezoidal channels and Rodriguez-Diaz [17] studied asymmetrical trapezoidal channels. Both showed that a hydraulic jump is more effective (i.e., greater energy dissipation) in a non-rectangular channel than in a rectangular channel for the same upstream flow conditions (equal F1 and h1 values).

Hager et al. studied the hydraulic jump in symmetrical triangular channels. They provided the following modified Belanger equation for the sequent depth of the hydraulic jump taking place in a symmetrical triangular channel with a 90° angle between side walls for 2 < F1 < 13.5 [18], with h1 and h2 measured at the center of the section:


Y=( 32F12−1)1/3
(7)

Debabeche et al. studied the hydraulic jump in symmetrical triangular channels with a 90° opening angle, with a slope angle between the walls (m = 0.03), b = 0.5 m and 3.61 < F1 < 12.98. These authors determined the effect of the channel’s slope on the sequent depth ratio of the jump [19].

Roushanger et al. evaluated the effects of channel geometry and rough boundary conditions in predicting the hydraulic jump energy dissipation using a support vector machine (SVM) as a meta-model approach [20]. Their study showed that the Froude number had the most significant impact on the modeling result. Also, the same authors [20], applied an Adaptive Neuro-Fuzzy Inference System (ANFIS) as a Meta model approach to estimate hydraulic jump characteristics in the channels with different bed conditions. They found that the basin with a rough bed in rectangular channels showed better predictions of jump length than the basin with a step.

Although Rodriguez-Diaz first considered the hydraulic jump formed in an asymmetrical trapezoidal channel [17], Kiri et al. [21], Fig. 2 conducted a new series of tests on this type of cross-section after over half a century. However, the number of studies focusing on this specific topic remains limited. This paper aims to contribute to the documentation of hydraulic jump properties in an asymmetrical trapezoidal channel whose side walls are vertical with transversally inclined bottoms.
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Figure 2: Definition of notations from side to side of a hydraulic jump in an asymmetrical trapezoidal cross-section (adapted from Kiri et al., 2020) [21]

Rodriguez-Diaz studied the conditions of the hydraulic jump formation and its characteristic length and conjugate height ratio. The channel width was varied at constant transverse bottom slope and three locations on the width of the channel have been defined: the shallow side, the center, and the deeper side [17].

According to Rodriguez-Diaz [17], two different types of flow exist Fig. 3: Undulating waves through the channel and rollers on the shallow side. A well-defined second wave has always been observed (Figs. 3a and 3b); A wave perpendicular to the cross-section, which can be called a hydraulic jump; no second wave was observed (Figs. 3c and 3d). So, there were two different types of flow. The first is an undulating wave Figs. 3a and 3b whose ratio 
Lrs h2−h1s
is less than 8. The second is a complete hydraulic jump Figs. 3c and 3d whose ratio 
Lrs h2−h1s 
is greater than 8 [17].
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Figure 3: General diagram of the flow in an asymmetric channel [17]

The relationship between the length of the roller at both sides of the channel (shallow and deep) and the width of the inclined bottom of the channel has also been studied by Rodriguez-Diaz (1954) [17]. According to this study, there is a positive correlation between the width of the channel and the length of the roller on the shallow side. And an inverse relationship on the deep side of the channel. The inverse relationship between the flow length on the deep side and the channel width is explained by the influence of the channel bottom on the flow length. As the channel width decreases, the channel bottom slope becomes smaller. The length of the roller reaches its limit when it is equal on both sides of the channel (shallow and deep), as in a rectangular channel.

Also, the average of the maximum values of the ratio 
Lrh2
for a rectangular channel obtained by Bakhmeteff et al. is about 5. And 
(Lrh2− h1)
shallow is about 8, when 
1.94 <F1 <8.7
[12]:


(Lr/h2max)ave=5
(8)


(Lrh2− h1)s=8
(9)

Kiri et al. focused on velocity and free-surface elevation measurements to characterize unsteady three-dimensional flow transverse mixing processes. Steady flow characterization in the asymmetrical bed configuration indicated the presence of secondary motion and transverse momentum transferred the shallow-water section to the deep-water section [21].

This study considered a trapezoidal asymmetrical channel with vertical side walls and transversally inclined bottom. The aims of the research were to i) complement the description of the phenomenon of hydraulic jump in such a specific channel type, ii) analyze the main properties of the jump, including the sequent depths and characteristic lengths, and compare them with other types of channels, iii) and finally, to propose a relation to calculate the efficiency of the hydraulic jump in an asymmetric trapezoidal channel.

The specific canal geometry we designed gives originality to our work. We deliberately studied downstream of two gates to expand the circle of study. The experiment was carried out at the Laboratory of Civil Engineering and Hydraulics (Biskra-Algeria), and the measuring equipment was supplied by HECE (Liege-Belgium).

The model is briefly described in the next section, followed by a result presentation and discussion.

2  Materials and Methods

2.1 Experimental Setup

The experimental setup was a horizontal straight channel Figs. 4 and 5a with length L = 7 m and width b = 0.304 m with an asymmetric trapezoidal cross-section. The side walls were vertical, but the bottom was transversally inclined at an angle of m = 0.296 to the horizontal Fig. 5b. Water was supplied to the channel using a pump with a circular pipe connected to a reservoir. The water entered the channel through a sluice gate at the reservoir bottom. Three sluice gates were tested: a triangular and two parallelogram ones. In each case, the gate bottom overlapped with the channel bottom. The vertical opening heights of the parallelogram sluice gates were 0.04 and 0.06 m, respectively, while the maximum height of the triangular sluice gate was 0.07 m Fig. 6.
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Figure 4: Simplified diagram of the flume used for the experimentation
Note: 1-Asymmetrical trapezoidal channel; 2-Inclined bottom in plexiglass (m = 1/3); 3-Steel panels; 4-Upstream sluice gate: (parallelogram or triangular); 5-Downstream lifting gate; 6-Ultrasonic probes; 7-Tank; 8-Axial centrifugal pump; 9-Discharge gate; 10-Flow control gate; 11-PVC pipe; 12-Utrasonic flowmeter; 13-Barometer.
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Figure 5: (a) Model used for experimentation; (b) bottom of the channel
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Figure 6: Upstream sluice-gates (a) triangular; (b) parallelogram in an asymmetrical trapezoidal channel

A trapezoidal lift gate was placed at the downstream end of the asymmetric trapezoidal channel to adjust the water depth in the channel and thus to fix the location of the hydraulic jump.

The flow rate was measured using an ultrasonic flowmeter (Minisonic II, Ultraflux) with an accuracy of 0.05l/s. Discharge varied from 0.0145 to 0.0333 m3/s.

Three ultrasonic probes (US) (Microsonic) were used to measure the water depths at hydraulic jump extremities with an accuracy of 1 mm. Measures were done along both sides of the channel and on the centerline. Given the strong free surface fluctuations during the tests, measures were carried out during the 150 s with a frequency of 1 Hz and averaged values were computed.

The upstream water depth measurement section corresponds to the beginning of the hydraulic jump at the abscissa x1 = 2.50 m from the upstream gate. Based on previous experience, this distance was chosen for an adequate long distance between the upstream sluice gate and the beginning of the hydraulic jump so that the hydraulic jump stabilizes and forms completely. The downstream measurement section was located at abscissa x2 = 5.50 m. This abscissa is after the end of the hydraulic jump for all the tests on both sides of the channel (i.e., shallow and deep sides).

The roller length was measured on both shallow and deeper sides of the channel using dye [22]. The dye was poured onto the jump surface at different abscissa to highlight the flow direction and then located the end of the upstream oriented surface flow velocities, i.e., the end of the roller Fig. 7.
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Figure 7: Determination of Lr by dye experiment in an asymmetrical trapezoidal channel

2.2 Tests Conditions

A large range of inflow Froude numbers F1 was tested, varying from 1.40 to 6.11 depending on the upstream sluice gate (Table 1).
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The general expression of the inflow Froude number is:


F12=Q2∂A∂hgA13 with  ∂A∂h=b
(10)

Using the hypothesis that the free surface upstream of the hydraulic jump is almost horizontal transversally, we find:


If​​: h1 d<D​:A1=12×bD×h1deeper side  2;​F1=8Q2D3gb2h1deeper side6
(11)


If​​: h1 d > D ​​:A1=b×(h1ave−D2); F1=Q2gb2(h1ave−D2)3
(12)

where D is the transverse difference in bed elevation (D = 0.09 m); h1d represents the height of the water measured on the deep side of the width of the channel and h1ave represents the average of the water depth measured at the toe of the hydraulic jump (3 positions on channel width).

The following procedure was applied for all tests:

•   Stabilization of a discharge Q

•   Stabilization of the hydraulic jump toe at abscissa 2.50 m using the downstream gate

•   Measure of discharge Q

•   Measure of the roller length Lr on shallow and deep sides of the channel using dye

•   Measure of water depths h1 at 2.50 m and h2 at 5.50 m on shallow and deep sides as well as on channel center.

3  Results and Discussion

3.1 Description of the Phenomenon

As shown in Fig. 8a, the flow between the upstream sluice gate and the beginning of the hydraulic jump is not homogeneous over the width of the channel, due to the asymmetrical cross-section. Close to the injection zone, upstream of the channel, the flow does not use the whole width of the channel because of the transverse slope of the channel bottom. However, for each test, the hydraulic jump toe was normal to the channel axis and occupied the whole channel width Fig. 8b.
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Figure 8: Transverse view of a hydraulic jump in an asymmetrical trapezoidal channel (a) Flow near the triangular sluice gate (T7), F1 = 2.1; (b) Hydraulic jump; parallelogram sluice gate (P4), F1 = 3.9

If we compare the hydraulic jump shown Fig. 8b with the classification proposed by Rodriguez-Diaz [17] Fig. 3, it corresponds to a complete jump Fig. 3d.

A hydraulic jump is shown schematically in Fig. 9. It is formed in an asymmetrical trapezoidal channel and exhibits geometric and flow feature variations in the three directions. Roller length varies from side to side of the channel, with roller length longer on the shallow side than on the deep side.

[image: images]

Figure 9: Schematic of hydraulic jump in an asymmetric trapezoidal channel-cross sectional view

3.2 Sequent Depths

Kiri et al. suggested that the water plane is horizontal on the transversal section, upstream and downstream of the jump [21]. Sequent depth Y has been computed as the ratio of the averaged h2 and h1 values measured on the shallow side, the channel center and the deep side.

Fig. 10 illustrates the sequent depths ratio Y variation as a function of the inflow Froude number F1 for different cases, including rectangular channel studied by Chachereau et al. [23], rectangular channel with step studied by Roushangar et al. [20], values derived from the Belanger equation (rectangular channel Eq. (2) [11], triangular channel Eq. (7)) and the present study (asymmetric trapezoidal channel with triangular and parallelogram upstream gates).

[image: images]

Figure 10: Sequent depths ratio Y of the hydraulic jump as a function of inflow Froude number for three sluice gates; Belanger; rectangular channel, rectangular channel with step and triangular channel (α = 90°)

From Fig. 10, for the same inflow Froude number, the increase in Y for measured values in an asymmetric trapezoidal channel with a triangular sluice gate is greater than in the rectangular channel. However, the opposite is true for Y in the asymmetric trapezoidal channel with a parallelogram sluice gate. Also, the values of Y for a triangular channel are between those of the two parallelogram gates in the asymmetrical trapezoidal channel. Also, the increase in Y for rectangular channel with step is greater than for all other cases.

As a result, for 1.4 < F1 < 6.11, the asymmetrical trapezoidal channel with a parallelogram sluice gate reduces the height of the hydraulic jump more than its homolog with a triangular sluice gate and the rectangular channel, but this is not the case for a rectangular channel with a step.

3.3 Roller Length

Fig. 11 illustrates the characteristic length 
Lrh2− h1
as a function of the inflow Froude number F1 for different cases, including a rectangular channel and the variations of 
(Lrh2− h1)
shallow side, 
(Lrh2− h1)
deeper side measured in an asymmetric trapezoidal channel with the parallelogram and triangular sluice gates.
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Figure 11: Relative lengths 
Lrh2−h1
, 
(Lrh2−h1)
s, 
(Lrh2−h1)
d of the hydraulic jump as a function of inflow Froude number in an asymmetric trapezoidal channel for three sluice gates

Mavis and Luksch in 1936 found that the characteristic length 
Lrh2− h1
in a horizontal rectangular channel is equal to five (Eq. (13)) [13]:


Lrh2−h1= 5
(13)

Bakhmeteff and Matzke in 1936 obtained the maximum values of 
(Lrh2− h1 )
max in a rectangular channel of about eight (Eq. (14)) [13]:


(Lrh2− h1 )max ≈ 8; 1.94<F1<8.7
(14)

Fig. 12 illustrates the characteristic length 
Lrh2
variation as a function of the inflow Froude number F1 for different cases, including a rectangular channel and measured values of 
Lr sh2 ave
and 
Lr dh2 ave
in the asymmetric trapezoidal channel for parallelogram and triangular sluice gates.

[image: images]

Figure 12: Relative lengths 
(Lrh2)
ave for a rectangular channel, trapezoidal channel, 
(Lrh2)
s, 
(Lrh2)
d of the hydraulic jump as a function of inflow Froude number in an asymmetric trapezoidal channel for three sluice gates

According to reference [24], the length of the roll 
Lrh2
was a function of 
h1h2
in a rectangular channel Eq. (15):


Lrh2  = 5.2 (1− h1h2);F1≥4
(15)

According to [8], the characteristic length 
Lrh2
in a horizontal rectangular channel is equal to five (Eq. (16)):


Lrh2= 5
(16)

Based on Figs. 11 and 12, the ratios are: 
[(Lrh2−h1)s]mes
< 8 and Lr/h2si < 5, in the case of the parallelogram sluices gates in an asymmetric trapezoidal channel. Therefore, it is in the range proposed by Rodriguez-Diaz [17]. On the other hand, in the case of the triangular sluice gate in an asymmetric trapezoidal channel, the measured values are: 
[(Lrh2−h1)s]mes
> 8 and 
Lrh2s
> 5, which are higher than those proposed by Rodriguez-Diaz [17].

Moreover, according to the study of the hydraulic jump given by Rodriguez-Diaz [17], the hydraulic jump is completely formed when 
[(Lrh2−h1)]
> 8 and 
Lrh2
> 5. This is true for hydraulic jumps formed in an asymmetrical trapezoidal channel downstream with parallelogram sluice gates, rather than downstream with a triangular sluice gate. This indicates that the shape of the upstream sluice gate (triangular) alters the hydraulic jump’s characteristics.

The experimental and theoretical data for different parameters are shown in Table 2.
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3.4 Energy Dissipation

The efficiency of a hydraulic jump for an asymmetrical trapezoidal channel is given by Eq. (3) [4], when:


H1= h1 ave+(QA1)22g
(17)

With A1 
=12×bD×
h1d² if: h1d < D. And: A1 
=b×(h1 ave−D2)
if: h1 d > D


And H2= h2 ave+(QA2)22g
(18)

With h2d > D: A2
=b×(h2ave-D2)

Using the general relationship of the efficiency is given by [4]:


η=1−Y+F122(1−A12A22)1+F122
(19)

The efficiency Eq. (19) can be written for an asymmetrical trapezoidal channel:


η=1−Yave +F122(1−14D2 h1d4(h2ave − D2)2)1 +F122; when​: h1d  < D and h2d > D
(20)


With A1A2=h1ave22D(h2ave−D2)
(21)


η=1− Yave +F122(1− (h1ave −D2)2(h2ave −D2)2)1 +F122; when​:  h1 d > D and h2d > D
(22)


With A1A2=(h1ave−D2h2ave−D2)
(23)

When: D = 0, it is the case of a rectangular channel:


η= 1−Y+F122(1−1Y2)1+F122=1− Y+F1221+F122
(24)

Wanoschek et al. gave the same relation for a rectangular channel Eq. (24), which verifies the asymmetric trapezoidal channel relations Eqs. (16) and (17) [16].

Comparing Eqs. (20) and (22) with Eq. (3), we find that Eqs. (20) and (22) have not been verified for our channel type, for 3.82 < F1< 6.11, which is due to the non-horizontality of the free surface upstream of the hydraulic jump. Therefore, it is necessary to verify these relationships for a horizontal upstream free surface.

For this reason, we propose a relationship based on the graph η = f(F1) Eq. (25), with 
η= ΔHH1
. This relationship is valid when the free surface upstream of the hydraulic jump is non-horizontality and for 3.82 < F1 < 6.11.


η=−0,0309F12+0,4496F1−0,9344;R2=0,9826
(25)

For a hydraulic jump in a triangular channel with a 90° opening angle, with a slope angle between the walls (m = 0.03), b = 0.5 m and 3.61 < F1< 12.98, we used the results of Debabeche et al. [19], the efficiency is calculated by the following relationship:


η= 1−Y + F124Y2cosα1 + F124cosα
(26)

For a symmetrical trapezoidal channel with a slope angle between the walls (m = 1.62), b = 0.2 and 2.40 < F1 < 12.80, we used the results of Wanoschek et al. [16], the efficiency is calculated by the following relationship:


η=1−Y+F122Y2[ (1 + M)3(1 + 2M).(1 + MY)2]1+F122 (1 + M)(1 + 2M); with M=mh1 aveb
(27)

Fig. 13 shows the efficiency values η in triangular, symmetrical trapezoidal, and asymmetrical trapezoidal channels.
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Figure 13: Efficiency η of the hydraulic jump as a function of inflow Froude number for three channels: Triangular, symmetric trapezoidal, and asymmetric trapezoidal

For the range 3.82 < F1 < 4.86, the efficiency of the hydraulic jump is between that of the triangular and trapezoidal symmetrical channels. The efficiency of the hydraulic jump in an asymmetric trapezoidal channel is higher than its homologs in a triangular and symmetrical trapezoidal channel for the range 5.02 < F < 6.11.

The efficiency of hydraulic jump for the different channels are shown in Table 3.
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4  Conclusions

This study investigated the properties of a hydraulic jump in an asymmetric trapezoidal channel under various upstream inflow conditions of 1.40 < F1 < 6.11. The primary hydraulic jump parameters were investigated, such as sequent depth and characteristic length. The goal of studying these parameters was to size the hydraulic structures and reinforce the zones subjected to high erosion forces. The experimental results for the subsequent depth and characteristic length revealed that the variation of Y, Lr/h2 and Lr/h2-h1 ratios increases with the inflow Froude number. Furthermore, the results showed that, in contrast to the asymmetrical trapezoidal channel shape with a triangular gate, the asymmetrical trapezoidal channel shape with parallelogram gates reduced more hydraulic jump height and length than the rectangular channel. As a result, the asymmetrical trapezoidal channel with parallelogram gates was shorter than the triangular channel.

Moreover, the findings highlighted some novel information about the efficiency of a hydraulic jump in an asymmetric trapezoidal channel, and a new relation was developed for the efficiency for 3.82 < F1 < 6.11. Our case study was compared to other types of channels regarding efficiency. For 3.82 < F1< 4.86, the efficiency of the hydraulic jump was between the triangular and trapezoidal symmetrical channels and was considered more effective than the triangular and symmetric trapezoidal channel for 5.02 < F1< 6.11. The results can be used to calculate the size of energy dissipation basins. The results presented in this paper are only valid for the transverse bottom slope and channel width used in this study. This study, which focused on the hydraulic jump on a specific channel shape (asymmetrical trapezoidal), paves the way for future research into other asymmetrical trapezoidal cross-sectional geometries, such as different transverse bottom slopes and channel widths.
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Table 1: Study range for the three sluice gates

Sluice gate form Test number Q (m’/s) F, | L; 4
Parallelogram P4-1 0.0243 5.73 0.755 0.51
h, = 0.04 m P4-2 0.0261 4.86 0.77 0.55
P4-3 0.0274 4.32 0.793 0.56
P4-4 0.0285 3.92 0.802 0.574
P4-5 0.0288 3.82 0.806 0.576
Parallelogram P6-1 0.0310 6.11 0.794 0.6
h, = 0.06 m P6-2 0.0312 6.00 0.803 0.605
P6-3 0.0316 5.80 0.812 0.61
P6-4 0.0320 5.60 0.828 0.62
P6-5 0.0327 5.28 0.844 0.624
P6-6 0.0329 5.19 0.851 0.628
P6-7 0.0333 5.03 0.86 0.63
Triangular T7-1 0.0145 2.10 0.912 0.732
hymax = 0.07 m T7-2 0.0151 2.01 0.927 0.75
T7-3 0.0155 1.95 0.95 0.76
T7-4 0.0158 1.90 0.964 0.77
T7-5 0.0169 1.76 1.008 0.81
T7-6 0.0178 1.65 1.04 0.838
T7-7 0.0187 1.55 1.068 0.86
T7-8 0.0197 1.45 1.105 0.89
T7-9 0.0207 2.25 1.14 0.92
T7-10 0.0231 1.54 1.223 1
T7-11 0.0239 1.40 1.244 1.02






OEBPS/Images/table-3.png
Table 3: Efficiency n (%) of hydraulic jump

Asymmetrical trapezoidal channel

(case study)

Triangular channel [19]

Symmetrical trapezoidal
channel [16]

Fy

5.73
4.86
432
3.92
3.82
6.11
6.00
5.80
5.60
5.28
5.19
5.03
2.10
2.01
1.95
1.90
1.76
1.65
1.55
1.45
2.25
1.54
1.40

n (%)
0,49
0,41
0,36
0,34
0,66
0,65
0,63
0,61
0,59
0,58
0,57

Fy
3,61
4,08
4,31
5,35
5,57
5,78
6,13
6,14
6,68
8,21
10,18
10,82
11,56
11,71
12,98

n (%)
0,29
0,33
0,41
0,48
0,53
0,55
0,57
0,57
0,62
0,72
0,77
0,8
0,82
0,82
0,84

Fy
12,80
11,40
10,10
8,50
7,70
6,80
5,90
5,10
4,30
3,50
3,50
3,00
2,40

n (%)
0,841
0,812
0,784
0,733
0,697
0,662
0,611
0,546
0,459
0,345
0,353
0,273
0,181
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Table 2: Experimental and theoretical data for different parameters

F, Yexp Y Bélanger Y triangular = Chachereau et al. [23] ( ) (hZI:rhl)
[11] [19]

F, Y SS DS SS D.S
573  3.61 7.61 3.64 2.4 2.97 393 266 6.62 3.08
4.86 3.49 6.40 3.25 2.7 3.33 3.71 2,65 6.27 3.14
432 3.40 5.62 3.00 2.8 3.60 3.63 256 6.11 3.09
392 3.20 5.07 2.81 2.9 3.93 3.67 263 6.13 3.32
3.82 322 4.93 2.76 3.2 4.21 3.60 257 6.22 3.16
6.11 3.42 8.16 3.80 3.4 4.44 420 3.17 6.81 5.49
6.00 341 8.01 3.76 3.9 5.02 421 3.17 691 5.43
5.80 341 7.71 3.67 5 6.22 4.16 3.13 6.87 5.30
5.60 3.39 7.44 3.58 5.1 6.51 418 3.13 6.73 5.30
528 3.28 6.98 3.44 Sultana (2011) [20] 424 3.14 7.01 5.38
5.19  3.27 6.86 3.40 1.09 3.68 424 3.13 7.05 541
503 323 6.63 3.33 3.8 9.95 426 3.12 7.05 5.40
2,10 298 2.51 = = = 6.73 541 - 7.22
2.01 2.83 2.38 = = = 6.58 533 1046 -
1.95 2.79 2.30 = = = 646 5.17 10.56 7.01
1.90 2.80 2.24 = = = 6.28 5.02 10.18 6.91
1.76  2.60 2.04 = = = 6.16 495 1039 691
1.65 2.62 1.89 = = = 573 462 993 =
1.55 243 1.75 = = = 580 4.67 - =
1.45 2.25 1.61 = = = = = = =
225 2.23 2.72 = = = = = = =
1.54 2.04 1.73 = = = 557 455 - 6.81
1.40 2.00 1.54 = = = 547 448 - =
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