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ABSTRACT 
 

Hydraulic jump is a phenomenon well known to hydraulic engineers as a useful 

means of dissipating excess energy and  prevent scour below overflow spillways, 

chutes and sluices. In situations where the downstream depth is larger than the 

sequent depth for a normal jump, a drop in the channel floor may be used to ensure a 

jump. If this type of jump occurs in a sloping condition the analysis of the 

phenomenon becomes very complex due to the inclusion of so many parameters 

related to sudden drop and channel slope. A hydraulic model investigation is 

conducted to evaluate the characteristics of hydraulic jump in a sloping channel with 

abrupt drop in this present study. 

 

The basic equation is based on the application of the one dimensional momentum 

equation and continuity equation. The results of the experimental study were used to 

evaluate a developed prediction equation for computing sequent depth  ratio in a 

sloping channel with abrupt drop whose format is similar to the well-known 

Belanger equation for classical jump with modification of Froude number. The 

modified Froude number term contains three additional parameters, two of them 

incorporate the effect of Froude number and the third one represents for describing 

the effect of   drop height. A 12.19 m (40 ft) long tilting flume has been used to carry 

out the investigations. Several contraction geometries were inserted in the channel to 

reduce the height of the supercritical flow upstream of the drop section. Three drop 

heights of 2 cm, 4.5 cm, and 6 cm were maintained together with three different 

channel slopes (0.0042, 0.0083 and 0.0125). The initial depth, sequent depth, 

velocity etc. were measured with different combinations of drop height and channel 

slope. From the entire test runs three desired parameters k1, k2 and k3 were calculated 

and then these three were calibrated with the experimental data to relate these factors 

with some known variables like drop height, channel slope and inflow Froude 

number. With the aid of these factors, modified inflow Froude number will be 

calculated to get the desired form of Belanger’s format prediction model. 

  



CHAPTER ONE 

INTRODUCTION 

1.1 General 

The hydraulic jump is a natural phenomenon that occurs when supercritical flow is 

forced to change to subcritical flow by an obstruction to the flow. This abrupt change 

in flow condition is accompanied by considerable turbulence and loss of energy. The 

hydraulic jump has attracted wide attention for many years not only because of its 

importance in the design of stilling basins and other hydraulic engineering works, but 

also because of its fascinating complexity. After many years of sustained research, 

many of its hydraulic features are now well understood. 

 

In the classical jump the water surface starts rising abruptly at the beginning, or toe 

of the jump, which oscillates about a mean position, and it continues to rise up to a 

section beyond which it is essentially level. This section denotes the end of the jump. 

To have a jump, there must be a flow impediment downstream. The downstream 

impediment could be a weir, a bridge abutment, a dam, or simply channel friction. 

Water depth increases during a hydraulic jump and energy is dissipated as 

turbulence. Often, engineers will purposely install impediments in channels in order 

to force jumps to occur. Mixing of coagulant chemicals in water treatment plants is 

often aided by hydraulic jumps. Concrete blocks may be installed in a channel 

downstream of a spillway in order to force a jump to occur thereby reducing the 

velocity and energy of the water. Flow will go from supercritical (F>1) to subcritical 

(F<1) over a jump. At the beginning of the jump, turbulent eddies of large sizes are 

formed which extract energy form the mean flow. The large-sized eddies are broken 

up into the smaller ones and the energy is transferred from the larger eddied into the 

smaller ones. The smaller eddies are responsible for the dissipation of turbulence 

energy to the heat energy. 

 

For a horizontal rectangular channel of constant width, and neglecting the bed and 

wall friction, the sequent depth ratio of the hydraulic jump is calculated by the well-

known Belanger equation 
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where the subscripts 1 and 2 stand for upstream and downstream flow conditions of 

the hydraulic jump (Fig.1.1), respectively; and F1 is the inflow Froude number. In 

this derivation, velocity distribution is assumed to be uniform over the section and 

the pressure distribution is hydrostatic both at the beginning and the end of the jump. 
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Figure 1.1: Definition sketch of a hydraulic jump 

 

The hydraulic jump may appear in two different ways; either with a varying location 

in a channel, depending on the boundary conditions, or as a means to dissipate excess 

energy in a stilling basin with a fixed location. 

 

Hydraulic jumps in sloping channels have received considerable attention. But only 

limited information on successful energy dissipation of hydraulic jump in sloping 

channel with abrupt drop are available. Hydraulic jump can be controlled by sills of 

various shapes, such as sharp crested weir, broad crested weir and abrupt rise and 

abrupt drop in channel bed. These structures ensure the formation of hydraulic jump 

and control its position for all probable operating conditions. When the normal 

tailwater depth is less than the sequent depth of a stable jump the supercritical flow 

will continue to travel downstream, consequently the jump is forced to form far away 

from the stilling basin. In such situations the formation and position of the jump may 

be affected by properly designed sills placed in the channel bottom, otherwise the 

stable jump will not form and the desired result will not be realized. On the other 
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hand if the normal tailwater depth is greater than the sequent depth of a stable jump, 

the jump is forced upstream finally becoming a submerged jump. In such situation a 

properly designed drop in the channel bed must be provided to avoid submerged 

conditions and ensure the formation of jump within stilling basin. The flow pattern in 

such drops is complex, and knowledge of the hydraulic performance and design 

procedures is poor. 

 

Hydraulic jumps in abrupt drop may be described by the approaching conditions, that 

is the inflow depth y1, the inflow Froude number F1 and the position of toe x relative 

to the expansion section. In this study, a hydraulic jump in the section of abrupt drop 

of a sloping channel is considered. 

1.2 Scope and Importance of the Study 

In practice one should anticipate a situation when the tail water depth is not equal to 

the required conjugate depth at all discharges. The jump can then form close to the 

structure, be drowned or be repelled downstream at different discharges. Ideally the 

jump should form close to the structure and certain appurtenances or artifices are 

used to control the location of the jump, i.e. to force the jump to occur at a desired 

location. The jump is then known as a forced jump. The devices used for the purpose 

may be baffle blocks and sills or a depression or rise in the floor level. Jump at an 

abrupt drop, jump at an abrupt rise, jump under influence of cross jets are some 

examples of this case. If jumps are required to force in a certain location sometimes 

abrupt drop of the channels can be useful when there is no space for the sudden 

expansion of the channel section. Again, this situation may occur in a sloping 

channel like weirs with sloping faces or spillways. In such basins, there are mainly 

two problems faced by the field engineers who monitor the performance of the 

design. One is the determination of sequent depth and the other is the estimation of 

energy loss.  

 

A Belanger’s format prediction model to determine the sequent depth for sloping 

channel with abrupt drop is developed using one-dimensional momentum and 

continuity equation. This model contains three unknown parameters and 

experimentation is required to evaluate these parameters. Form experimental data it 
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will be possible to develop a mathematical relationship in terms of some known 

variables such as height of drop, channel slope, upstream Froude number etc. 

Therefore, the present study is directed towards the evaluation of related parameters 

using the experimental data in the laboratory flume. 

 

1.3 Objectives of the Study 

The objectives for the present study are: 

 

(1) To develop a theoretical model to determine the sequent depth in sloping channel 

with drop. 

(2) To develop an experimental setup and conduct the study for analysis of hydraulic 

jump.  

(3) To investigate experimentally the characteristics of hydraulic jump with abrupt 

drop. 

(4) To evaluate the necessary parameters of the developed model for computing the 

sequent depth ratio with experimental data. 

 

1.4 Organization of the thesis 

The subject matter of this thesis report has been arranged in seven chapters. The first 

chapter provides an introduction with objectives, scope, importance and organization 

of this report. Second chapter reviews previous theoretical and experimental studies 

available in connection with the present study. Chapter three deals with the 

theoretical formulation of the solution to the problem. The detailed description of the 

“experimental setup” has been included in the fourth chapter. This is followed by the 

“methodology of the experiment” in chapter five. The “Results and Discussions” 

have been outlined in chapter six and finally “conclusions and recommendations” 

have been presented in chapter seven. 
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CHAPTER TWO 

                      LITERATURE REVIEW 

 

2.1 Introduction 

Hydraulic jump has extensively been studied in the field of hydraulic engineering. It 

is an intriguing and interesting phenomenon that has caught the imagination of many 

researchers since its first description by Leonardo da Vinci. The Italian engineer 

Bidone in 1818 is credited with the first experimental investigation of hydraulic jump 

(Chow, 1959). Since then considerable research effort has gone into the study of this 

subject. The results of the analytical treatment by Belanger in 1828 (Equation 1.1) 

are still valid. The literature on this topic is vast and ever-expanding. The main 

reason for such continued interest in this topic is its immense practical utility in 

hydraulic engineering and allied fields. 

 

2.2 Applications of Hydraulic Jump 

The most important application of the hydraulic jump is in the dissipation of energy 

below sluiceways, weirs, gates, etc. so that objectionable scour in the downstream 

channel is prevented. The high energy loss that occurs in hydraulic jump has led to 

its adoption as a part of the energy dissipator system below a hydraulic structure. 

Downstream portion of a hydraulic structure where the energy dissipation is 

deliberately allowed to occur so that the outgoing stream can safely be conducted to 

the channel below is known as a stilling basin. It is a fully paved channel and may 

have additional appurtenances, such as baffle blocks and sills to aid in the efficient 

performance over a wide range of operating conditions. It has also been used to raise 

the water level downstream to provide the requisite head for diversion into canals 

and also to increase the water load on aprons, thereby counteracting the uplift 

pressure and thus lessening the thickness of the concrete apron required in structures 

on permeable foundations. Some of the other important uses of hydraulic jump are: 

a) efficient operation of flow measurement flumes, b) mixing of chemicals, c) to aid 

intense mixing and gas transfer in chemical processes, d) in the desalination of sea 
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water and e) in the aeration of streams which are polluted by bio-degradable wastes  

(Ranga Raju, 1993).  

 

2.3 Formation of Hydraulic Jump 

Hydraulic jump is a flow phenomenon associated with the abrupt transition of a 

supercritical (inertia-dominated) flow to a subcritical (gravity-dominated) flow. 

Subcritical flow is produced by downstream control and supercritical flow is 

produced by upstream control. A control fixes a certain depth-discharge relationship 

in its own vicinity; it also fixes the nature of the flow for some distance upstream or 

downstream. So, it will produce subcritical flow upstream and supercritical flow 

downstream. If the upstream control causes supercritical flow while the downstream 

control dictates subcritical flow, there is a conflict which can be resolved only if 

there is some means for the flow to pass from one flow condition to the other ⎯ thus 

hydraulic jump forms (Henderson, 1966).  

 

2.4 Classical Hydraulic Jump 

2.4.1 Introduction 

The classical hydraulic jump is the basic type of physical phenomenon that is 

commonly used in stilling basins. The hydraulic jump consists of an abrupt change 

from supercritical to subcritical flow. The jump formed in smooth, wide, and 

horizontal rectangular channel (prismatic channel) is known as the classical jump. 

  

2.4.2 Main Characteristics 

In the classical jump the water surface starts rising abruptly at the beginning, or toe, 

of the jump, which oscillates about a mean position, and it continues to rise up to a 

section beyond which it is essentially level. This section denotes the end of the jump. 

The supercritical depth at the beginning is called represented as y1 which is termed as 

initial depth and the subcritical depth at the end is represented as y2 which is termed 

as sequent depth. 
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       y2 
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Figure 2.1: Length characteristics of a classical jump 

 

At the toe of jump (section 1 in the figure 2.1) the flow depth is y1, and the average 

velocity, U1 = Q/(by1) with Q = discharge and b = channel width. At the end of the 

jump (section 2 in the figure 2.1) the depth is y2 and the velocity, U2 = Q/(by2). The 

supercritical Froude number is given by: 

1

1
1 gy

U
F =                                                                                                           … (2.1) 

The upstream condition of the hydraulic jump is called supercritical with a Froude 

number larger than one and the depth, which is lower than the critical depth. The 

downstream condition is called subcritical with a Froude number smaller than one 

and the depth higher than the critical depth. Specific energy at the upstream of jump 

is higher than that at the downstream, the difference is known as the energy loss in 

hydraulic jump.  

  

If the velocity distribution is assumed to be uniform and the pressure distribution is 

hydrostatic both at the beginning and at the end of the jump, and if the boundary 

shear stress on the bed and the turbulent velocity fluctuations at the beginning and at 

the end are neglected, it can be shown that the ratio of the sequent depth to initial 

depth is given by the well-known Belanger equation: 
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  ( )181
2
1 2

1
1

2 −+= F
y
y                                …(1.1) 

On the surface of the jump there is a violent roller, which starts at the toe and ends 

after the jump. The length of the jump has been a controversial issue in the past. It is 

generally agreed that the end of the jump is the section at which the water surface 

becomes essentially level and the mean surface elevation is maximal. The horizontal 

distance from the toe to this section is taken as the length of the jump and is denoted 

by Lj.  It is found that, if Lr is the length of the surface roller, in general it is less than 

Lj. Due to the surface breaking, a considerable amount of air is entrained in the jump. 

Large personal errors are introduced in the determination of the length Lj. 

Experimentally it is found that Lj/y2 = f (F1). The variation of Lj/y2 with F1 obtained 

by Bradely and Peterika (1957) is shown in Figure 2.2. This curve is usually 

recommended for general use. It is evident from Figure 2.2 that while Lj/y2 depends 

on F1 for small values of inflow Froude number, at higher values (i.e., F1>5.0) the 

relative jump length Lj/y2 is practically constant at a value of 6.1. The graph of the 

Figure 2.3 can be mathematically expressed as: 

)(9.6 12 yyL j −=                                                                                                … (2.2) 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Length of hydraulic jump on horizontal floor  

(Source: Bradely & Peterika, 1957) 
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It is known that there is a large amount of energy dissipation in the jump. If E1 and 

E2 are the specific energies at the beginning and at the end of the jump respectively, 

and if LE is the loss of specific energy in the jump, it can be shown that 

  ( )
( )2

1
2

1

232
1

2
1

4
1

1 28
118208

FF
FFF

E
EL

+
−+−+

=                     …(2.3) 

From this equation it can be found that for an inflow Froude number 1F  equal to 20 

the energy loss is equal to 0.86 1E ; that is, 86% of the initial specific energy is 

dissipated (Rajaratnam, 1967). 

 

 

 

 

 

 

 

 

Figure 2.3: Relation between D (= y2/y1) and F1 for the classical jump  

                               (Source: U.S. Federal Highway Administration Website) 

 

Equation (1.1) is shown in graphical form in Fig. 2.3. This curve has been verified 

satisfactorily with many experimental data and is found to be very useful in the 

analysis and design for hydraulic jump. 

 

2.5 Hydraulic Jump in Sloping Channel 

 

2.5.1 Introduction 

In spite of the fact that considerably more is known about the jump formation in 

horizontal channels than in sloping channels the later is often preferred for energy 

dissipation purposes, because it has many distinct advantages. Whereas the classical 

jump is has been precisely solved, it has not been possible to develop a 

comparatively satisfactory solution of the jump in sloping channels. The main 
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difficulty is that, if the momentum equation is written for a direction parallel to the 

bed of the channel, weight component of the body of the jump enters the relation. If, 

on the other hand, it is written for the horizontal direction, horizontal component of 

the pressure on the floor enters into the equation. That is why the solution to the 

problem of jump formation in sloping channels is found semi empirically with a 

heavy leaning on experimental information. 

 

2.5.2 Types of hydraulic jump in sloping channel 

For the development of simple methods of solution, it has been found useful to 

divide the general case of jump formation in sloping channels into a number of lesser 

cases according to their salient features.   

  

In case 1 the jump is formed in a sloping channel ending with a level floor. In this 

case there are four possible types, as shown in Figure 2.4. In the figure, y1 is the 

depth of the supercritical stream before the jump, measured normal to the bed, and y2 

is the vertical subcritical depth at the end of the jump.  

 

It is generally accepted that the end of the jump, in horizontal channels is the section 

where the expanding stream attains maximal steady elevation. The definition cannot 

be applied to the case of sloping channels, however, because even after the jump 

action is over the water surface might be rising, owing to the flow expansion caused 

by the sloping bed. The end of the surface roller, instead, has been suggested by 

Kindsvater (1944) as the end of the jump. Hickox in 1944 found that for slopes 

steeper than 1 on 6 the end of the roller is practically the same as the section of 

maximal surface elevation (Rajaratnam, 1967). 

 

In Figure 2.4, yt is the tail water depth and Lj is the length of the jump measured 

horizontally. For the sake of simplicity the depth of the supercritical stream is here 

assumed to be constant on the slope. If the jump occurs just after the end of the slope, 

the tail water depth yt is equal to the subcritical sequent depth y2 given by the 

Belanger equation (Equation 1.1); this is termed as A jump, which is almost the same 
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as the classical jump. If yt is greater than y2 the jump is pushed up on the slope. If the 

end of the jump occurs at the junction of the slope and the level floor (the junction 

section), the jump is a C jump. If the tail water depth is less than that required for a C 

jump but greater than y2 the toe of the jump is on the slope but the end is on the level 

floor; this is a B jump. If the tail water depth is greater than that required for a C 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Jumps in sloping channel, case 1 (Source: Kindsvater, 1944) 

 

jump, the end of the jump also travels up the slope; this is a D jump. Case 1, 

comprising these four jumps is the most important case for the design of energy 

dissipators.  
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In case 2 the jump occurs in along channel of rather flat slope; (Figure 2.5). The 

water surface is parallel to the bed after the jump and therefore both depth y1 and y2  

are measured normal to the bed. Case 2 is known as the E jump. Case 3 is the jump 

on an adverse slope and is called the F jump, also shown in Figure 2.5. This is a rare 

type of jump and occurs at the exit of certain types of stilling basins below drops. In 

the present study, E jump is taken for the analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Jumps in sloping channels, case 2 (Source: Kindsvater, 1944) 

 

2.5.3 Historical review 

The earliest experiments on the hydraulic jump, made by Bidone, were actually done 

in a sloping channel (Rajaratnam, 1967). Bazin in 1865 and Beebe and Reigel in 

1917 also experimented on sloping channel jumps (Rajaratnam, 1967), and in 1927 

Ellms attempted a theoretical and experimental study of this problem (Rajaratnam, 

1967). In 1934, Yarnell started an extensive research program with slopes of 1 in 6, 1 

in 3 and 1 in 1, which was unfortunately interrupted by his death in 1937 

(Rajaratnam, 1967). In 1935 Rindlaub conducted an experimental study of slopes of 

8.20, 12.50, 24.20 and 300(with the horizontal), most of his experiments being made 

on the second of these (Rajaratnam, 1967). Bakhmeteff and Matazke (1946) 

published a careful analysis of the problem with experimental data on very flat 

slopes.  
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The first rational and successful attack of this problem was made by Kindsvater 

(1944). Some experimental results from a slope of 1 in 3 were added by Hickox 

(1944) to Kindvater’s results from the slope of 1 on 6, and Dutta in  constructed from 

Kindsvater’s equation some design charts for a few slopes (Rajaratnam 1967). An 

extensive study of this problem was made by Bradley and Peterka (1957)  

 

In 1954 Flores attempted to develop a general theory of jumps in sloping exponential 

channels (Rajaratnam 1967). In 1958 Wigham extended the work of Bradley and 

Peterka (1957) to steeper slopes: 1 on 1, 1 on 2 and 1 on 3 (Rajaratnam 1967). 

 

In the analysis of hydraulic jumps in sloping channels or channels having appreciable 

slope, it is essential to consider the weight of water in the jump; in horizontal channel 

the effect of this weight is negligible. The conventional solution of the jump in 

sloping channel to find the sequent depth ratio involves the modified Froude number 

G which is a function of F1 and θ. G is defined as: 

12

1

sin
cos

dd
KL

F
G

j

−
−

=
θ

θ

                                                                                     … (2.4) 

There is a general belief that K and Lj/(d2-d1) vary primarily with F1 and hence, G is 

a function of F1 and θ, or G = f (F1, θ). The sequent depth ratio is computed as: 

( )181
2
1 2

1

2 −+= G
d
d                                                                                          … (2.5) 

The solution of this equation, based on the experimental data of Hickox (1944), 

Kindsvater (1944) and U.S.B.R. is presented in the graphical form (Figure 2.6) 

 

The following empirical equation proposed by Rajaratnam (1967) can also be used 

instead of figure 2.7 to find G in equation 2.5 and hence the sequent depth ratio: 
2

1
2

1
2 FKG =                                                                                                           ... (2.6) 

and  
θ027.0

1 10=K                                                                                                          ... (2.7) 
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Figure 2.6: Experimental relations between F1 and y2/y1 or d2/d1 for jumps in sloping 

channels (Source: Ranga Raju, 1993) 

 

Alhamid, A.A. and Negm, A.M. (1996) studied the effect of channel slope and 

channel roughness on the value of the sequent depth ratio. They developed a 

theoretical prediction model using one-dimensional momentum and continuity 

equation. The equation is as follows: 

⎟
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2
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81

2
1 2

1
1

2 FC
Cd

d r

s θ
                                                      … (2.8) 

In equation 2.8, effect of the slope is accounted for by the coefficient Cs while the 

coefficient Cr is introduced for the presence of the roughness elements. If the effects 

of both slope and roughness are excluded, i.e., Cs = Cr = 0, Equation corresponds to 

the Belanger’s form. 

 

The value of Cs and Cr were determined from experimental calibration. A linear 

regression analysis was used to compute a generalized equation for Cs in terms of the 

bed slope, S0 to yield (Alhamid, A.A. and Negm, A.M., 1996): 



 
 

15

595.0
08524.1 SCs =                                                                                                 … (2.9) 

The same procedure was used to evaluate the coefficient of roughness. This 

coefficient is a function of many parameters, such as the Froude number, F1, the 

roughness density, I, height of the roughness element, yb and the length of the 

roughened bed, LR. The roughness density, I, is defined as the ratio of the plan area 

of roughness elements to the surface area, i.e., I = 100aN/LRb, in which a = plan area 

of roughness element, N = number of roughness elements, LR = length of the 

roughened bed, b = width of the channel (Alhamid, A.A. and Negm, A.M., 1996). 

From an analysis of data an increasing trend for Cr to the flow and roughness 

parameters represented by the reciprocal factor (F1/I x LR/yb) as (R2 = 0.954) 

(Alhamid, A.A. and Negm, A.M., 1996): 
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C                                                                              …  (2.10) 

Many experimental investigations were carried out to compute the sequent depth 

ratio and other related parameters of hydraulic jump in a sloping channel. Some 

prominent works in this topic of recent times were carried out by Hager (1992), 

Ohtsu and Yasuda (1991), Husain et al. (1995). 

2.6 Hydraulic Jump in a Channel at an Abrupt Drop 

 
2.6.1 Introduction 

Many hydraulic works (i. e. urban drainage networks, river channelizations, 

spillways, irrigation channels) require a flow transition from supercritical to 

subcritical, the relative hydraulic jump being steadily located within a certain short 

channel stretch (stilling basin). Usually, at the extreme sections of the channel stretch 

the momentum of the supercritical flow (upstream controlled) differs from that of the 

subcritical flow (downstream controlled). Without suitable measures, the hydraulic 

jump would be located outside the stretch itself. If the momentum of the supercritical 

flow exceeds that of the subcritical one, the steady location of the hydraulic jump 

within the stilling basin is obtained by means of a drop or enlargement of the channel 

width i.e. the section of the downstream channel is increased. In many situations, 
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each of the above measures (either bottom rise or width reduction, either drop or 

enlargement) can by itself prove able to steadily locate the jump within the stilling 

basin. However, specific hydraulic building situations could require a combination of 

bottom rise and width reduction or drop and enlargement. (Ferreri & Nasello,2002) 

   

In the present study, a hydraulic jump in a sloping smooth rectangular channel with 

abrupt drop will be considered.  

 

2.6.2 Classification of Hydraulic Jump at an Abrupt Drop 

 

Figure 2.7 shows the three types of jump that may occur at an abrupt drop in the bed 

level. Case 1 pertains to a tailwater depth such that the jump ends at the drop. 

Obviously, the jump moves up if the tailwater depth is larger and moves down if the 

tailwater depth is smaller than the above value. Case 3 corresponds to the tailwater 

depth which forces the jump to begin at the drop and the jump obviously moves to 

the channel of a lower elevation at a smaller taiwater depth. Case 2 is the wavy jump 

obtained when the tailwater depth is between those corresponding to cases 1 and 3. 

 
 

Figure 2.7: Hydraulic jump at an abrupt drop (Source: Ranga Raju, 1981) 
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Cases 1 and 3 can be easily analyzed using the continuity and momentum equations 

as follows:  

q = U1y1 =U2y2                                                                                                                                         … (2.11)                                                 

P1 +P3 –P2 = ρq( U2 –U1)                                                                            ...(2.12) 

Here 

P1 = ρgy1
2/2                                                                                                 …(2.13) 

P2 = ρgy2
2/2                                                                                                …(2.14) 

P3 = ρg (y2 – ∆z/2)∆z   for case 1                                                              …(2.15) 

and  

           P3 = ρg (y1 + ∆z/2)∆z    for case 3                                                   …(2.16) 

Combining these equations and simplifying, the Froude number at the first section 

may be written as  

for Case 1                                                …(2.17) 

and 

for Case 3                                              …(2.18) 

Although the pressure on face AB would be smaller than that assumed in Eqs. (2.15) 

and (2.16) because of separation of flow at A, experimental data have shown good 

agreement with Eqs. (2.17) and (2.18). (Ranga Raju, 1981) 

 

In design problems one knows y2, q as well as the level of the channel floor 

downstream of B and one is required to find the floor level upstream of A to hold the 

jump between Cases 1 and 3 for all discharges. This may be done by assuming a 

floor elevation upstream of A and computing the values of y1 and U1 for the given 

discharge from the known characteristics of the structure such as a gate or spillway. 

A comparison of the value of ∆z with that computed from Eqs. (2.17) and (2.18) 

enables one to determine the location of the jump with respect to the drop. Similar 

computations may be carried out at other discharges. The height of drop ∆z should 
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be so chosen that the farthest position of the jump from the gate (or spillway) is that 

corresponding to Case 3 and the distance of the drop from the gate (or spillway) – 

decided by the upstream movement of the jump at other discharges- is not very large. 

Obviously, the provision of a drop needs to be considered only when there is excess 

tailwater depth. (Ranga Raju, 1981)   

2.6.3  Previous Investigations 

Many hydraulicians have developed analytical and semi-analytical equations to 

control hydraulic jump by sills of different designs and abrupt drop in channel bed. 

The work of some renowned hydraulicians is reproduced as follws: 

 

 A commendable contribution was made by En-Yun-Hsu in 1950 to analyse the 

characteristics of an abrupt drop in channel bed as a jump controlling device. 

According to him, for a given value of approaching flow, the downstream depth may 

fall in any of five regions and the jump formation and position is affected 

accordingly. A drawing of these 5 regions is shown in figure 2.8. At the lower end of 

Region 1, the jump begins to travel upstream. The jump will begin to travel 

downstream at upper end of region 5. The drop does not control the jump in region 1 

and 5. Hsu found that the hydraulic jump is stable only in region 2 and 4. Region 3 

has undulating waves. These waves do not break like the waves created in either 

Region 2 or Region 4. 

 

Later on a simplified analytical and experimental work was done by Moore and 

Morgan (1959) with regard to jump control by an abrupt drop in channel bed. In their 

paper, they discuss the Froude numbers and tailwater conditions necessary for the 

formation of the A-Jump, the wave, and the B-Jump as described by Moore and 

Morgan (1959).  Moore and Morgan’s equations for A- and B-Jumps are essentially 

same as Hsu’s equations for Regions 2 and 4. McLaughlin and Grenier (1990), in a 

model study found that the tendencies of these A- and B- Jumps to form in Hsu’s 

Regions, as defined by his momentum equations, do not always hold true. Their 

model study also incorporated a horizontal expansion not accounted for by Hsu’s 

equations. Thus it is assumed from this point on that Region 2 is the same as an A- 
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Jump, Region 3 is the same as a wave, and Region 4 is the same as a B-Jump. Moore 

and Morgan’s paper provides useful graph that show what kind of jump will be 

formed at a given Froude number and relative downstream depth. Figure 2.9 contains 

these graphs.  

 
 

Figure2.8: Types of Jump Behavior at an abrupt Drop (Source: Caisley, 1999)
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Figure2.9: Forms of the hydraulic jump as a Function of Froude Number and 

Relative Downstream Depth (Source: Caisley, 1999) 

 

Later, Rajaratnam and Ortiz (1977) made further discoveries about hydraulic jumps 

at abrupt drops. They found that for the wave form of the hydraulic jump at an abrupt 

drop, the upstream supercritical flow jet is deflected upwards into a wave formation 

as a result of back pressure below the drop. Then the jet plunges into the tailwater 

and strikes the downstream bed of the river. Figure 2.10 shows the flow pattern in the 

wave form of the hydraulic jump. 

 

 

 

Figure2.10: Flow Patterns in the Wave Form of the Hydraulic Jump                           

                     (Source: Caisley, 1999) 

The authors also noted that the formation of a wave can be completely eliminated by 

a rounded step, which allows the supercritical flow jet to deflect downwards at the 

drop. Rajaratnam and Ortiz (1977) ran the portion of the experiment on the wave at a 
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variety of Froude numbers, ranging from 3 to a little more than 8. One can conclude 

from this wide range of Froude numbers that an undulating wave formation is 

possible at most flows.  

 

Further research at hydraulic jumps at abrupt drops has brought Hsu’s momentum 

equation for Region 4 into question. Hager et al (1986) considered there was no 

pressure exerted on the step from the jet flowing over it in the Region 4/B-Jump 

regime. Thus, the pressure on the step is hydrostatic using the water depth as equal to 

the step height   

 

Very recently, more research has been done regarding hydraulic jumps at abrupt 

drops. It was found that hydraulic jumps at abrupt drops have certain oscillatory 

characteristics (Mossa 1999). Some of the oscillations noticed in laboratory 

experiments were oscillations between B-Jump and wave behavior, oscillations 

between A- Jump and wave behavior, oscillations from side to side, and oscillating 

variations in velocity and pressure in the region of the flow close to the jump. 

Recalling Figure 2.9, Moore and Morgan have a region of doubt between B-Jump 

and wave behavior. Mossa believes that this region of doubt is where oscillations 

between B-Jumps and wave occur.   
 

 This is revealed from the above discussion that many researches have been carried 

out to analyze the hydraulic jump in prismatic channels, channels with abrupt drop or 

sloping channel. Most of the papers found in the literature relating to abrupt section 

increase concern drop only, which are mainly studied in the particular case of a 

rectangular channel section. No notable works have been carried out to compute the 

sequent depth ratio for hydraulic jump in a sloping channel with abrupt drop. This 

study has been directed to serve this purpose to fill the needs for up-to-date hydraulic 

design of stilling basins involving formation of hydraulic jump in a sloping channel 

with abrupt drop. With a broader understanding of this phenomenon it is then 

possible to proceed to the more practical aspects of stilling basin design.   

 

 



 

 

                         CHAPTER THREE 

THEORETICAL FORMULATION 

 

3.1 Introduction 

In spite of the fact that considerably more is known about the jump formation in 

horizontal channels than in irregular ones like sloping channel or channel with abrupt 

drop, the latter ones are often preferred for energy dissipation or other purposes. The 

nature of the hydraulic jump in a sloping channel with abrupt drop is a complex and 

poorly understood problem. In the present study, particular attention is focused on 

free jump in the sloping channel with abrupt drop. Considering the complexity and 

scope of the problem, several assumptions and restrictions were made in order to 

make the problem simple. These are discussed in the following section. 

 

3.2 Assumptions  

The following assumptions have been made in formulating the theoretical equation 

describing the relationship between the sequent depth ratio with upstream Froude 

number and other associated variables (height of drop, slope of the channel etc.). The 

assumptions are: 

- One-dimensional steady flow is taken into account. 

- The channel is sloping, rectangular and straight. 

- The fluid is incompressible. 

- Velocity distribution over the upstream and downstream section is uniform. 

- Channel banks are fixed. 

- At the beginning and at the end of the jump, the pressure distribution is 

hydrostatic. 

- Turbulence effects and air entrainment are not included in the analysis. 

- The frictional resistance from the sidewalls and bed of the flume is neglected. 

- The sequent depth is the temporal mean value of its fluctuations 
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3.3 Governing Equations 

Water motion is the essential process in open channel hydraulics.  Three basic 

equations of fluid mechanics to describe water motion are the continuity equation, 

the energy equation and the momentum equation, which are based on the principles 

of conservation of mass, energy and momentum, respectively. 

 

1. Continuity Equation 

The continuity equation is the statement of the law of conservation of mass. In a 

steady, incompressible flow in an open channel or pipe, volumetric flow rate past 

various sections must be the same. Mathematically this is described as:  

AUQ =                                              …(3.1) 

where Q is the discharge flowing through the cross-sectional area A with a velocity 

U. 

 

2. Momentum Equation 

In addition to continuity and energy equation, momentum equation is another 

important tool in the field of open channel hydraulics. The momentum equation 

commonly used in most of the open-channel flow problems is the linear-momentum 

equation. This equation states that the algebraic sum of all external forces acting in a 

given direction on a fluid mass equals the time rate of change of linear momentum of 

the fluid mass in that direction. Mathematically: 

( ) fpp FWFFUUQ −+−=− θββρ sin211122                                …(3.2) 

The left-hand side of the above equation represents the change of momentum and the 

right hand side represents the resultant force between the upstream and downstream 

sections of the flowing water. Terms of the R.H.S are: 

 

Fp1 = Hydrostatic force on section 1 

Fp2 = Hydrostatic force on section 2 

Wsinθ = body force, i.e., the component of the weight of the fluid in the longitudinal 

direction. 

Ff = Frictional force on the bed between two sections 
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Generally, it is necessary to compute two unknowns by using the basic equations. 

For example, it may be required to compute the depth of flow y and the flow velocity 

U  at a downstream section in a channel when the flow conditions of an upstream 

section are known. Obviously, we need two equations to compute the two unknown 

quantities. 

 

For the hydraulic jump downstream of the sluice gate, the energy equation cannot be 

used because of the significant internal energy loss fh  involved in the jump. 

However, the momentum equation can be used without difficulty since the jump 

takes place in a short distance and the external friction force fF is negligible. 

Therefore, the continuity and momentum equations are used to compute the depth 

2y  and the flow velocity 2U . Once the depth 2y  is known, the energy equation may 

be used to compute the unknown energy loss fh . 

3.4 Theoretical Formulation 

The definition sketch for a hydraulic jump in a sloping channel with abrupt drop is 

shown in Fig. 3.1. The toe of the hydraulic jump is located at the drop section. 

Considering the assumptions in article 3.2, the momentum equation for the control 

volume between section 1 and section 2 of Fig 3.1b can be written as 

  ( )12231 sin UUQ
g

WPPP −=+−+
γθ                           …(3.3) 

Here, P1, P2 and P3 are the hydrostatic pressure forces that can be defined as: 

 

  

  

  

  

   

and, Wsinθ = component of the weight of water in the control volume (bounded by 

section 1 and section 2) along the length of the channel. 
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Defining  where                                         …(3.4) 

 

γ = ρg = Unit wt of water 

θ = Channel bottom slope 

Lj = Length of the hydraulic jump  

y2  = Downstream depth  

y1 = Upstream depth 

K = Modification factor due to assumption of linear jump profile. 
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Using the continuity equation, 2211 yUyUq == , where U1 = upstream velocity and 

U2 = downstream velocity, equation 3.4 takes the form: 

 

                     

 ..(3.5)                           

                                                                                                                                                                

Rearranging, this can be written as: 

         …(3.6)      

Introducing the dimensionless terms:  

D = sequent depth ratio = y2/y1 

F1 = inflow Froude number =  

Equation 3.6 can be written as: 

                           …(3.7) 

 

To get a solution for D in the Belanger’s format, equation 3.7 is modified as: 

   

                                                         …(3.8) 

 

Where, G1 = modified Froude number 

 

Mathematically,   …(3.9)                             

The relationship between G1 and F1 can be rearranged as 

                                                                    …(3.10) 

 

k1, k2 and k3 can be defined as, 
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                                                                         … (3.11)                               

 

                                                     … (3.12)      

 

                                                              … (3.13)                                

 

It is obvious that establishing the relation of sequent depth ratio requires 

determination of three factors k1, k2 and k3. k1 is a function  of upstream depth and 

downstream depth of hydraulic jump. k2 is a function of dimensionless jump length 

and modifying factor K. k3 is a function of upstream depth and depth of the sudden 

drop. k2 and k3 are again a function of θ. It is possible to find out factors k1, k2 and k3 

from the experimental data and then the sequent depth ratio can be found from the 

equation (3.10). 

 

The sequent depth ratio D is obtained by solving Equation (3.8) as 

                                               …(3.14) 

3.5 Calibration of the Developed Theoretical Equation 

The parameters, k1, k2 and k3  of the equation (3.10) can not be predicted 

theoretically and hence experimental data are needed to evaluate it. It is necessary to 

express the parameters 1k , k2 and k3 as a function of independent known variables 

like 1F , ∆z and θ. For the given values of depth of the drop, ∆z and channel slope θ 

the sequent depth ratio D  have been computed from the present experimental study 

for different values of inflow Froude number 1F . The observed data are used in 

equation (3.11), (3.12) and (3.13) to compute k1, k2 and k3 respectively. The modified 

Froude number G1 has been computed from equation (3.10). 

 



 

 

CHAPTER FOUR 

                     EXPERIMENTAL SETUP 

 

4.1 Introduction 

The transition from supercritical to subcritical flow in a sloping channel with abrupt 

drop in bed is systematically investigated under a range of slopes. The experimental 

study was conducted at the Hydraulics and River Engineering Laboratory of the 

Department of Water Resources Engineering of Bangladesh University of 

Engineering and Technology (BUET). The experimental setup as well as the 

measuring techniques used in the experimental process is discussed in the following 

articles. 

4.2 Design of Sloping Channel with Drop 

4.2.1 Introduction 

The hydraulic jump used for energy dissipation is usually confined partly or entirely 

to a channel reach that is known as the stilling basin (Chow, 1959). The particular 

attention of this present study is focused on jumps formed in the sloping stilling 

basin with a sudden drop i.e., abrupt drop of the bed of a stilling basin. The most 

essential part of the present study was the design and fabrication of a stilling basin 

with abrupt drop. Therefore, during the study a considerable period of time was spent 

in fabricating the sloping stilling basin with abrupt drop in the laboratory.  

4.2.2 Design 

The experiments were performed in the 40-ft long tilting flume in the laboratory. 

Tilting facility of the flume was used to make it to a sloping channel. It was possible 

to create only mild slopes in this artificial channel (highest possible slope is 1 in 40). 

Three different slopes of 0.0042, 0.0083 and 0.0125 were maintained in the flume. 

To create a hydraulic jump in the channel it is necessary to install a sluice gate in the 

channel. A considerable period of time was spent in the design, construction and 

installation of a new sluice gate in the flume.  
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4.2.3  Constriction Elements in the Stilling Basin 

For maintaining abrupt drops ∆z, several constriction elements were installed in the 

stilling chamber in the laboratory flume. They were made of well-polished wood. A 

constriction element of height 2 cm and length of 426.72cm (14 ft) was installed in 

the bed of the flume. There was no lateral movement of water between the 

constriction elements and the sidewalls because of watertightness of these elements. 

A series of experiments were performed with a step height of 2 cm, 4.5 cm and 6 cm. 

These heights were obtained by changing thickness of the constriction element in the 

channel bed.   

 
 

Figure 4.1: Photograph of experimental setup, downstream of sluice gate 

4.2.4  Transitions in the Stilling Basin 

A channel transition may be defined as a local change in cross-section, which 

produces a variation of flow from one uniform state to another. The term ‘local’ is 
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used to signify that the change takes place in a length of channel, which is short 

compared, to its overall length. 

 

A transition, by reducing the depth of the stream without varying the width, was 

provided in the bed of the channel to avoid excessive energy losses, and, to eliminate 

cross-waves and other turbulence. The transition was made of wood having good 

polish. Thus a gradual transition was created.  

 
Figure 4.2: Photograph of transition elements at upstream of sluice gate 

 

Figure 4.1 shows the elements used to create abrupt drop in the channel bed and 

Figure 4.2 shows the elements used at the upstream of the sluice gate. 

4.3 Experimental Facilities 

The experimental setup involved the use of a laboratory tilting flume having an 

adjustable sluice gate and an adjustable tailwater gate, water tank, pump, water meter 

and various constriction elements. A brief description of the apparatus and auxiliary 

equipment used in the experiments is given in the subsequent articles. 
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4.3.1 Laboratory Flume 

Experiments were performed in a 12.2 m (40 ft) long channel of a uniform 

rectangular cross section with glass sidewalls and painted steel bed, located in the 

Hydraulics and River Engineering Laboratory of the Water Resources Engineering  

 
 

Figure 4.3: Photograph of the 12.2 m (40-ft) long Laboratory tilting flume. 

 

Department (Photograph 4.3). The channel width is 0.3048m (1-ft) and the sidewall 

height is approximately 0.3048 m (1-ft). It is supported on an elevated steel truss that 

spans the main supports. The channel slope can be adjusted using a geared lifting 

mechanism. 

 

The whole flume consists of an upstream reservoir and a stilling chamber with 

contraction reach. The original channel depth was reduced by various constrictions. 

All constriction elements were made of wood that was located in the bed of the 

channel. The flume has an adjustable sluice gate and an adjustable tailwater gate 

located, respectively, upstream and downstream of the expansion geometry. The tail 

water depth was controlled by a vertical gate located at the downstream end of the 

flume. Water issuing through an opening of the sluice gate, located downstream from 
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the reservoir, formed the supercritical stream. During the experiments, the location of 

the hydraulic jump was controlled by the downstream gate and discharge. The sluice 

gate and the flow discharge control the quasi-uniform flow upstream of the jump and 

the tailwater gate acts as a downstream control. 

 

The circulation of the water within the flume is a closed system. From the storage 

reservoir the water is transported by means of the pipeline to the upstream reservoir. 

There are two types of pipelines viz. suction and delivery pipeline. Suction pipe 

sucks the water from the storage reservoir and at the same time passes that water 

through the pump. The water is delivered to the channel through the delivery pipe 

and returns to the storage reservoir. 

4.3.2 Pump 

A centrifugal pump with maximum discharge capacity of 25 l/s draws water from 

tank through valve and supplies it to the channel. The pump was calibrated so that 

the water discharge could be set to the desired quantity. The pump used for water 

circulation can be run for 8 hours at a stretch. No stand by pump is available. 

4.3.3 Motor 

The capacity of the motor, which drives the pump, is 3 HP. The motor uses the 

electrical energy by a shaft attached to it to drive the pump. 

4.4 Measuring Devicves 

4.4.1 Water Meter  

Two electromagnetic water meters are placed in the delivery pipes. The gate valve 

just upstream of the meter in the pipeline can control the discharge through the 

meter. The discharge measurements are made with the help of these water meters. 

4.4.2 Miniature Propeller Current Meter  

The miniature propeller current meter consists of propellers rotating about a 

horizontal axis. The propeller is fixed at one end of the shaft while the other end of 

the shaft is connected with the help of a wire. The revolution of the propeller is 

displayed in the counter, which is operated by batteries.  
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The calibration of the present current meter was done by mounting the meter on a 

carriage that runs on rails along a straight channel and moves the propeller of the 

current meter through still water. The speed of the carriage was determined by the 

time required to travel a known distance. With several runs at various speeds the 

relation between revolution of the propeller per unit time and water speed was 

determined. The calibrated results are given below: 

    1)  For 31.10 << n  

          0313.02344.0 += nU  

   2)  For 31.1≥n  

          0161.02460.0 += nU  

Where n  is the revolution per sec displayed in the current meter and U  is the 

velocity of the flowing water in meter per second.  

4.4.3 Point Gauge   

The water level and the bed level are measured with the help of a point gauge (Figure 

4.5). The point gauge is suitable for swiftly flowing liquids without causing 

appreciable local disturbances. The gauge is mounted on a frame laid across the 

width of the channel. The point gauge is accurate within 0.1 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Photograph of point gauge 
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4.5 Measurements 

4.5.1 Discharge  

Discharge, Q in the flowing channel is measured with the help of water meter. The 

flow-circulating pipe is equipped with two electromagnetic flow meters that enable 

to measure the discharge through the channel very precisely by digital measuring 

scale. 

4.5.2 Water Surface Elevation 

Measurements of water surface elevation were taken both at the upstream and 

downstream of the jump. Measurements were taken by the point gauge. The gauge 

reading at the bed was set to zero so when the reading of water surface elevation was 

taken it gave directly the water depth data. In this way both the initial and sequent 

depth were taken. At both sections three readings were taken and then the average of 

these three was used for the analysis. 

 

 

 



 

 

CHAPTER FIVE 

EXPERIMENTAL PROCEDURE 

 

5.1 Introduction 

The experimental procedure of the study was divided into two parts: i) preparation of 

the flume as per requirement of the experiment and ii) running of experiments. 

Considerable time is required for arrangement of the experimental facilities for this 

study. Running the experiment and collecting the required data require not only a 

great deal of physical works but also a careful observation. For conducting the 

experiment the following procedure was followed.  

 

5.2 Stepwise Pre-experimental Measures 

Step 1: The detail drawings of the experimental flume were drawn and the 

accessories were collected. 

 

Step 2: The constriction elements were made and painted to protect from bending 

and soaking. 

 

Step 3: Two adjustable screws of mild steel rod were made in the machine shop. 

These were positioned on the channel with abrupt drop to fix the position of the 

constriction. 

 

Step 4: For the measurement, the accessories ⎯ the point gauge, the current meter, 

and the electromagnetic probe were placed in a particular position of the flume. 

 

Step 5: Before the experimental run, the sidewall glass was cleaned to make the 

flume transparent, for ease of data collection through eye observation. Also the bed 

of the flume was painted to protect it from corrosion due to contact with water. 
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5.3 Stepwise Pre-experimental Procedure 

Step 1: The first step was the selection of the sluice gate opening. The lowest value 

of the gate opening was fixed to 3.6 cm. 

 

Step 2: The second step was the fixation of the discharge. For every gate opening 

three discharges were taken to get a range of inflow Froude numbers. 

 

Step 3: By adjusting the tailwater gate, location of the hydraulic jump was fixed to 

the position of abrupt drop. 

 

Step 4: For the different discharges, the required data for the different jumps with 

varying Froude numbers were also obtained. 

 

Step 5: The above four steps were performed sequentially at the different sluice gate 

openings in ascending order. 

 

Step 6: The above five steps were performed for different drop height and different 

channel slopes. 

 

5.4 Experiment Numbering  

In order to carry out the test runs systematically, the experiments are coded. The 

procedure of experiment numbering is described below. 

 

The experimental numbering is chosen in such a way that all the variables can be 

recognized. For the experiments, several influences are studied ⎯ the height of drop 

∆z, channel slope, and the inflow Froude number 1F . 

 

The first term of the experiment code represents the drop height. In the present study, 

three different drop heights were used. The drop height of 2 cm is represented by 

“A”, a drop height of 4.5cm is represented by “B”, and a drop height of 6 cm is 

represented by “C”. 
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The second number in the code represents the channel slope. Test runs were 

performed for three slopes. The slope 0.0042 is represented by “2”, 0.0083 by “4” 

and 0.0125 by “6” and “0” represents horizontal channel.  

 

The third number in the code represents the gate opening. Data were taken for three 

gate openings. First reading was taken for gate opening = 3.6 cm. It is represented by 

“1”, similarly third reading was taken for gate opening = 6.5 cm. This is represented 

by “3”. 

 

The fourth number in the code represents discharge. For every gate opening, three 

runs were performed. First run is represented by “X”, second run by “Y” and third 

run is represented by “Z” 

 

According to this numbering system, the experiment number B23Z means that when 

the sluice gate size is opening = 6.5 cm, then a stabilized jump is formed in a channel 

with abrupt drop having an drop height of 4.5 cm and the channel slope = 0.0042. It 

also indicates the third reading of this particular gate opening with mentioned drop 

height and channel slope. 

 

5.5 Data Collection 

For collection of data, three different drop heights viz. 2 cm, 4.5 cm, and 6 cm were 

chosen. For each drop height, there were three channel slopes – 0.0042, 0.0083 and 

0.0125 and three gate openings – 6.5 cm, 4.5 cm, and 3.5 cm where water entered 

into the drop section. The data on discharges, sequent depths, and inflow Froude 

numbers are presented in Table 5.1 through 5.12. Various features of the hydraulic 

jump that was analyzed during the course of the study are shown in figures from 5.1 

to 5.6 
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Figure 5.1: Side view of a hydraulic jump at abrupt drop 

 

 
 

Figure 5.2: Hydraulic jump in a horizontal rectangular channel. 
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Figure 5.3: Close view of turbulence created in jump at the abrupt drop of a sloping 

channel. 

 

 
Figure 5.4: Jump is approaching towards the drop section due to raising the tail water 

gate. 
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Figure 5.5: Asymmetric jump formed at the section of sudden drop. 

 

 
  

Figure 5.6: Initial stage of jump formation in a channel with abrupt drop 
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Table 5.1: Experimental data for ∆z = 0.02 m, Slope = 0.0000  
         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
A03X 0.02 0.0000 0.0215 0.035 0.149 4.26 0.98 1.67
A03Y 0.02 0.0000 0.0173 0.034 0.138 4.06 0.80 1.39
A03Z 0.02 0.0000 0.0153 0.034 0.125 3.68 0.78 1.35
A02X 0.02 0.0000 0.0199 0.028 0.137 4.89 0.99 1.89
A02Y 0.02 0.0000 0.0181 0.022 0.133 6.05 0.86 1.85
A02Z 0.02 0.0000 0.0161 0.02 0.118 5.90 0.75 1.69
A01X 0.02 0.0000 0.0178 0.023 0.144 6.26 1.26 2.65
A01Y 0.02 0.0000 0.0154 0.018 0.125 6.94 1.01 2.40
A01Z 0.02 0.0000 0.0132 0.017 0.111 6.53 0.91 2.23

         
Table 5.2: Experimental data for ∆z = 0.02 m, Slope = 0.0042  

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
A23X 0.02 0.0042 0.0226 0.033 0.169 5.12 0.90 1.58
A23Y 0.02 0.0042 0.0195 0.032 0.133 4.16 0.66 1.17
A23Z 0.02 0.0042 0.0186 0.032 0.13 4.06 0.61 1.09
A22X 0.02 0.0042 0.022 0.028 0.169 6.04 1.24 2.37
A22Y 0.02 0.0042 0.0207 0.0265 0.1538 5.80 1.00 1.96
A22Z 0.02 0.0042 0.0183 0.027 0.142 5.26 0.90 1.75
A21X 0.02 0.0042 0.018 0.024 0.155 6.46 1.20 2.47
A21Y 0.02 0.0042 0.0163 0.0225 0.144 6.40 1.10 2.34
A21Z 0.02 0.0042 0.012 0.022 0.128 5.82 1.01 2.17
 
Table 5.3: Experimental data for ∆z = 0.02 m, Slope = 0.0083  

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
A43X 0.02 0.0083 0.0226 0.032 0.16 5.00 0.90 1.61
A43Y 0.02 0.0083 0.0208 0.031 0.1515 4.89 0.86 1.56
A43Z 0.02 0.0083 0.0194 0.031 0.13 4.19 0.80 1.45
A42X 0.02 0.0083 0.0193 0.027 0.183 6.78 1.30 2.53
A42Y 0.02 0.0083 0.0183 0.026 0.165 6.35 1.10 2.18
A42Z 0.02 0.0083 0.0152 0.027 0.146 5.41 1.05 2.04
A41X 0.02 0.0083 0.018 0.023 0.164 7.13 1.50 3.16
A41Y 0.02 0.0083 0.0152 0.022 0.145 6.59 1.30 2.80
A41Z 0.02 0.0083 0.0131 0.023 0.129 5.61 1.10 2.32
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Table 5.4: Experimental data for ∆z = 0.02 m, Slope = 0.0125  
         

Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U(m/s) F1 

         
A63X 0.02 0.0125 0.0226 0.035 0.168 4.80 0.83 1.42
A63Y 0.02 0.0125 0.019 0.033 0.1665 5.05 0.81 1.42
A63Z 0.02 0.0125 0.017 0.032 0.156 4.88 0.76 1.36
A62X 0.02 0.0125 0.0195 0.027 0.184 6.81 1.20 2.33
A62Y 0.02 0.0125 0.0185 0.026 0.174 6.69 1.17 2.32
A62Z 0.02 0.0125 0.017 0.024 0.164 6.83 1.16 2.39
A61X 0.02 0.0125 0.018 0.024 0.163 6.79 1.56 3.22
A61Y 0.02 0.0125 0.0157 0.024 0.15 6.25 1.20 2.47
A61Z 0.02 0.0125 0.0133 0.022 0.14 6.36 1.10 2.37
 
Table 5.5: Experimental data for ∆z = 0.045m, Slope = 0.0000  

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
B01X 0.045 0.0000 0.022 0.023 0.19 8.26 1.80 3.79
B01Y 0.045 0.0000 0.0193 0.022 0.19 8.64 1.60 3.44
B01Z 0.045 0.0000 0.0146 0.02 0.18 9.00 1.50 3.39
B02X 0.045 0.0000 0.0205 0.029 0.17 5.86 1.42 2.66
B02Y 0.045 0.0000 0.019 0.028 0.16 5.71 1.30 2.48
B02Z 0.045 0.0000 0.0145 0.027 0.15 5.56 1.20 2.33
B03X 0.045 0.0000 0.025 0.0285 0.16 5.61 1.23 2.33
B03Y 0.045 0.0000 0.019 0.028 0.155 5.54 0.96 1.83
B03Z 0.045 0.0000 0.012 0.028 0.15 5.36 0.90 1.72

         
Table 5.6: Experimental data for ∆z = 0.045 m, Slope = 0.0042  

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
B21X 0.045 0.0042 0.0215 0.038 0.195 8.26 2.00 3.28
B21Y 0.045 0.0042 0.0195 0.0375 0.189 8.64 1.90 3.13
B21Z 0.045 0.0042 0.0174 0.037 0.17 9.00 1.80 2.99
B22X 0.045 0.0042 0.02 0.028 0.17 5.86 1.50 2.86
B22Y 0.045 0.0042 0.018 0.027 0.16 5.71 1.49 2.90
B22Z 0.045 0.0042 0.0139 0.027 0.15 5.56 0.82 1.59
B23X 0.045 0.0042 0.024 0.023 0.14 5.61 1.00 2.11
B23Y 0.045 0.0042 0.0196 0.021 0.135 5.54 0.82 1.81
B23Z 0.045 0.0042 0.019 0.02 0.135 5.36 0.81 1.83
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Table 5.7: Experimental data for ∆z = 0.045 m, Slope = 0.0083  
         

Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U(m/s) F1 

         
B43X 0.045 0.0083 0.0214 0.046 0.189 8.26 2.52 3.75
B43Y 0.045 0.0083 0.019 0.044 0.188 8.64 2.50 3.81
B43Z 0.045 0.0083 0.0165 0.039 0.17 9.00 2.30 3.72
B42X 0.045 0.0083 0.0195 0.037 0.164 5.86 1.60 2.66
B42Y 0.045 0.0083 0.0175 0.035 0.155 5.71 1.37 2.34
B42Z 0.045 0.0083 0.016 0.03 0.154 5.56 1.29 2.38
B41X 0.045 0.0083 0.0215 0.021 0.14 5.61 1.10 2.42
B41Y 0.045 0.0083 0.019 0.02 0.145 5.54 0.90 2.03
B41Z 0.045 0.0083 0.012 0.02 0.142 5.36 0.70 1.58
         
Table 5.8: Experimental data for ∆z = 0.045 m, Slope = 0.0125  

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
B61X 0.045 0.0125 0.0195 0.04 0.2 8.26 2.30 3.67
B61Y 0.045 0.0125 0.018 0.036 0.198 8.64 2.13 3.58
B61Z 0.045 0.0125 0.015 0.035 0.185 9.00 2.09 3.57
B62X 0.045 0.0125 0.0201 0.033 0.182 5.86 1.80 3.16
B62Y 0.045 0.0125 0.018 0.032 0.181 5.71 1.73 3.09
B62Z 0.045 0.0125 0.0157 0.031 0.16 5.56 1.02 1.85
B63X 0.045 0.0125 0.022 0.021 0.15 5.61 0.82 1.81
B63Y 0.045 0.0125 0.019 0.022 0.14 5.54 0.72 1.55
B63Z 0.045 0.0125 0.017 0.021 0.135 5.36 0.80 1.76
 
Table 5.9: Experimental data for ∆z = 0.060 m, Slope = 0.0000  

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
C03X 0.06 0.0000 0.0218 0.03 0.204 6.80 0.99 1.82
C03Y 0.06 0.0000 0.0186 0.035 0.194 5.54 0.97 1.66
C03Z 0.06 0.0000 0.0175 0.034 0.19 5.59 0.96 1.66
C02X 0.06 0.0000 0.0195 0.029 0.1755 6.05 1.31 2.46
C02Y 0.06 0.0000 0.016 0.025 0.165 6.60 1.15 2.32
C02Z 0.06 0.0000 0.0088 0.022 0.16 7.27 1.14 2.45
C01X 0.06 0.0000 0.0191 0.019 0.169 8.89 1.40 3.24
C01Y 0.06 0.0000 0.01 0.017 0.155 9.12 1.05 2.57
C01Z 0.06 0.0000 0.0065 0.016 0.142 8.88 0.97 2.45
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Table 5.10: Experimental data for ∆z = 0.060 m, Slope = 0.0042 

 

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
C23X 0.06 0.0042 0.0203 0.037 0.205 5.54 0.90 1.49
C23Y 0.06 0.0042 0.0181 0.036 0.204 5.67 0.86 1.45
C23Z 0.06 0.0042 0.0165 0.037 0.2 5.41 0.85 1.41
C22X 0.06 0.0042 0.0187 0.027 0.192 7.11 1.23 2.39
C22Y 0.06 0.0042 0.0162 0.028 0.182 6.50 1.05 2.00
C22Z 0.06 0.0042 0.008 0.027 0.18 6.67 1.01 1.96
C21X 0.06 0.0042 0.0124 0.019 0.182 9.58 1.40 3.24
C21Y 0.06 0.0042 0.009 0.02 0.159 7.95 1.25 2.82
C21Z 0.06 0.0042 0.007 0.02 0.148 7.40 1.12 2.53
 
Table 5.11: Experimental data for ∆z = 0.060 m, Slope = 0.0083  

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U (m/s) F1 

         
C43X 0.06 0.0083 0.0208 0.035 0.211 6.03 1.10 1.88
C43Y 0.06 0.0083 0.0175 0.029 0.211 7.28 0.89 1.67
C43Z 0.06 0.0083 0.0157 0.029 0.186 6.41 0.87 1.63
C42X 0.06 0.0083 0.0181 0.0285 0.1845 6.47 1.31 2.48
C42Y 0.06 0.0083 0.0167 0.027 0.174 6.44 1.20 2.34
C42Z 0.06 0.0083 0.0145 0.026 0.17 6.54 1.00 1.98
C41X 0.06 0.0083 0.0167 0.021 0.184 8.76 1.45 3.19
C41Y 0.06 0.0083 0.0102 0.02 0.172 8.60 1.34 3.03
C41Z 0.06 0.0083 0.0088 0.021 0.155 7.38 1.20 2.64
 
Table 5.12: Experimental data for ∆z = 0.060 m, Slope = 0.0125 

 

         
Run no. ∆z (m) Slope Q (m3/s) y1 (m) y2 (m) D U(m/s) F1 

         
C63X 0.06 0.0125 0.022 0.035 0.206 5.89 0.99 1.68
C63Y 0.06 0.0125 0.0198 0.035 0.205 5.86 0.84 1.43
C63Z 0.06 0.0125 0.0185 0.036 0.199 5.53 0.83 1.40
C62X 0.06 0.0125 0.019 0.03 0.198 6.60 1.36 2.51
C62Y 0.06 0.0125 0.017 0.028 0.189 6.75 1.20 2.30
C62Z 0.06 0.0125 0.0156 0.028 0.176 6.29 1.12 2.14
C61X 0.06 0.0125 0.0126 0.02 0.199 9.95 1.45 3.27
C61Y 0.06 0.0125 0.0106 0.019 0.184 9.68 1.32 3.06
C61Z 0.06 0.0125 0.0086 0.019 0.165 8.68 1.22 2.83
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CHAPTER SIX 

          RESULTS AND DISCUSSIONS 

 

6.1    Introduction 

This chapter deals with the analysis and discussion of various results that were 

obtained from the laboratory experiments and subsequent analyses from the 

experimental data. As stated earlier, the experiments were conducted in the 

Hydraulics and River Engineering Laboratory of Department of Water Resources 

Engineering, BUET. Experimental investigations were conducted under different 

flow conditions; for Froude number ranging from 1.17 to 3.79. Three different drop 

heights (∆z = 2 cm, 4.5 cm, and 6 cm); three slopes of the channel (0.0042, 0.0083 

and 0.0125) and three different gate openings (3.6 cm, 5 cm and 6.5 cm) were used. 

The discharges were varied accordingly with different slopes and gate openings to 

get the required range of inflow Froude number. Initial depth, sequent depth, 

discharge, average velocity and jump length were measured for the analyses. Results 

of different analyses are described in subsequent articles in this chapter. 

 

6.2 Analysis of Inflow Froude Number with Discharge for different 

Hydraulic Conditions 

For each gate opening, four discharges were used to maintain the upstream depth 

below the critical depth of the channel flow. Figure 6.1 to Figure 6.4 show the 

relationship between the inflow Froude number and the discharge for different gate 

openings and for different channel slopes when the value of the drop height is 2 cm. 

Similarly, the Figure 6.5 to Figure 6.12 represent the same relationships for the drop 

height of 4.5 cm and 6 cm respectively. From these figures, it is seen that the inflow 

Froude number increases with the increase in the value of discharge. Again the 

Froude number increases with decreasing the sluice gate opening. 
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6.3 Variation of Sequent Depth Ratio with Inflow Froude Number 

Main objective of this research work was to find a mathematical model to determine 

the sequent depth ratio, D from some associated known variables like Inflow Froude 

number, drop height and channel slope. 

 

From the entire test runs, sequent depth ratio and Inflow Froude number are obtained 

for different hydraulic conditions i.e., for different combination of drop height and 

channel slope. Graphs of sequent depth ratio (D) versus Inflow Froude number (F1) 

were plotted for different drop height and channel slopes. Best-fit curve of all the 

plotting show a linear variation with a well agreement with the Belenger’s format 

prediction model. Graphs are shown in Figure 6.13 to Figure 6.15. The graphs show 

an increasing trend of the value of sequent depth ratio with the inflow Froude 

number. 

 

 
 

Figure 6.1: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 2 cm and Slope = 0.000 
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Figure 6.2: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 2 cm and Slope = 0.0042 

 

 
Figure 6.3: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 2 cm and Slope = 0.0083  
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Figure 6.4: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 2 cm and Slope = 0.0125  

 

 
Figure 6.5: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 4.5 cm and Slope = 0.000 
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Figure 6.6: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 4.5 cm and Slope = 0.0042 

 

 
 
Figure 6.7: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 4.5 cm and Slope = 0.0083 
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Figure 6.8: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 4.5 cm and Slope = 0.0125 

 

 
Figure 6.9: Inflow Froude number Vs Discharge for various gate openings with drop 

height ∆z = 6 cm and Slope = 0.000 
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Figure 6.10: Inflow Froude number Vs Discharge for various gate openings with 

drop height ∆z = 4.5 cm and Slope = 0.0042 

 

 
Figure 6.11: Inflow Froude number Vs Discharge for various gate openings with 

drop height ∆z = 4.5 cm and Slope = 0.0083 
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Figure 6.12: Inflow Froude number Vs Discharge for various gate openings with 

drop height ∆z = 4.5 cm and Slope = 0.0125 

 

 
 

Figure 6.13: D Vs F1 for different channel slopes with drop height, ∆z = 2 cm. 
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Figure 6.14: D Vs F1 for different channel slopes with drop height, ∆z = 4.5 cm 

 

 
 

Figure 6.15: D Vs F1 graph for different channel slopes with drop height, ∆z = 6 cm 
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6.4 Variation of the Parameters k1 , k2 & k3 at different Hydraulic 

Conditions 

As stated earlier, proposed prediction model follows the Belanger’s format that 

involves the determination of modified Froude number, G1 (Equation 3.14). It 

requires three parameters k1, k2 and k3. Values of these parameters are determined 

from the experimental data and then it is tried to develop an equation for parameter 

k3 relating with associated known variables. These are described in subsequent 

articles: 

 

6.4.1 Variation of parameter k1 with inflow Froude number, F1  

Theoretically the parameter k1 is dependent on upstream depth, y1 and downstream 

depth, y2 and sequent depth ratio D. the value of k1 is calculated as follows: 

                                                                                                    

                                                                                                                                                                

The parameter k1 is calculated from the set of experimental data and plotted against 

Inflow Froude number F1 for different hydraulic conditions. The graphs are shown in 

Figure 6.16 to Figure 6.19. It is evident from the figures that the parameter value 

decreases with increase in value of drop height. The channel slope value has very 

minor influence on the value of the parameter. It is tried to develop a mathematical 

equation to calculate the factor k1 from known independent variables like F1. Best-fit 

equation of the curves representing k1 Vs F1 shows a logarithmic nature. The 

proposed equation to calculate k1 is as follows: 

k1 = -13.3lnF1 + 50.83  (F1 ranging from 1.17 to 3.79) 

 

6.4.2 Prediction equation for parameter k2 

Value of the parameter k2 can not be calculated directly from equation 3.12, because 

it needs data like K. So an indirect procedure is followed here. First, the modified 

Froude number, G1 was calculated by the method of back calculation from equation: 

( )181
2
1 2

1 −+= GD                                                                                          
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Now, Inflow Froude number F1, modification factor k1 and k3 channel slope and the 

modified Froude number, G1 are known. So the value of k2 is calculated using the 

following equation: 

 

                                                                                   

This parameter is plotted against the Inflow Froude number. From all the 

experimental data a trend line equation has been developed.  

    (F1 ranging from 1.17 to 3.79) 

 

6.4.3       Comparison between observed and predicted values of k2 

After the mathematical formulation, the next step was to compare the predicted 

values of k2 with the observed ones. For this purpose k2 Vs F1 graphs are plotted for 

predicted and observed values in the same graph paper for different combination of 

drop height and channel slope. 

Figures from 6.28 to 6.30 show the comparison between the observed and predicted 

values of the factor k2 with the inflow Froude number. It is revealed from the figures 

that the proposed equation to calculate the parameter k2 predicts the value very 

closely to the observed values.  

 

6.4.4 Variation of parameter k3 with inflow Froude number, F1  

Theoretically the parameter k3 is dependent on upstream depth, y1 and drop height, 

∆z and channel slope, θ. the value of k3 is calculated as follows: 

                                                                                                                                  

The parameter k3 is calculated from the set of experimental data and plotted against 

Inflow Froude number F1 for different hydraulic conditions. The graphs are shown in 

Figure 6.24 to Figure 6.27. It is evident from the figures that the parameter value 

decreases with increase in value of drop height. The channel slope value has very 

minor influence on the value of the parameter.  
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Figure 6.16: Variation of parameter k1 with F1 for different drop height with Slope = 

0.000 
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Figure 6.17: Variation of parameter k1 with F1 for different drop height with Slope = 

0.0042  
 

 
 

Figure 6.18: Variation of parameter k1 with F1 for different drop height with Slope = 

0.0083  
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Figure 6.19: Variation of parameter k1 with F1 for different drop height with Slope = 

0.0125 

 

 

 
 

Figure 6.20: Variation of parameter k2 with F1 for different drop height with Slope = 

0.000 
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Figure 6.21: Variation of parameter k2 with F1 for different drop height with Slope = 

0.0042 

 

 
 

Figure 6.22: Variation of parameter k2 with F1 for different drop height with Slope = 

0.0083 
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Figure 6.23: Variation of parameter k2 with F1 for different drop height with Slope = 

0.0125 

 

 
 

Figure 6.24: Variation of parameter k3 with F1 for different drop height with Slope = 

0.000 
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Figure 6.25: Variation of parameter k3 with F1 for different drop height with Slope = 

0.0042 

 

 
 

Figure 6.26: Variation of parameter k3 with F1 for different drop height with Slope = 

0.0083 
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Figure 6.27: Variation of parameter k3 with F1 for different drop height with Slope = 

0.0125 

(a)  

  

(b)  
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(c) 

 
 (d) 

 
Figure 6.28: Parameter k2 Vs Inflow Froude number, F1 with drop height, ∆z = 6 cm; 

(a) Slope = 0.000, (b) Slope = 0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 

 

(a) 

 
(b) 
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(c) 

 
(d) 

 
 

Figure 6.29:Parameter k2 Vs Inflow Froude number, F1 with drop height, ∆z = 4.5 

cm; (a) Slope = 0.000, (b) Slope = 0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 

(a)  

 
(b) 
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(c)  

 
(d) 

 
Figure 6.30:Parameter k2 Vs Inflow Froude number, F1 with drop height, ∆z = 2 cm; 

(a) Slope = 0.000, (b) Slope = 0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 

 

 

 

6.5 Calibration of the Prediction Model 

 

Prediction equation (Equation 3.14) developed in the course of this study is 

compared with the observed data from the series of experiments. Some plotting has 

been done to compare the predicted results with observed data. Sequent depth ratio 

versus Inflow Froude number graphs for different drop height and channel slopes are 

plotted with the prediction equation and with the experimental data. These plotting 

are shown in Figure 6.31-6.33. From the graphs it is seen that the proposed equation 

predicts the value of sequent depth ratio very close to the value of observed ones. For 

drop height, ∆z = 6 cm and ∆z = 2 cm, this relation holds true for the entire range of 

Froude numbers. Again for drop height, ∆z = 4.5 cm observed and predicted values 

match closely for the higher range of Froude number but differ slightly for lower 

range of Froude number. 
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Moreover, Predicted sequent depth ratio (D) values are plotted against the observed 

ones. These are shown in from Figure 6.34 to Figure 6.36. Again the performance of 

the prediction equation is shown in table 6.1. From the graphs and tables it 

performance of the prediction equation can be taken as quite satisfactory. From the 

graphs it is revealed that for drop height, ∆z = 4.5 cm, predicted D slightly differs 

from the observed D. for ∆z = 6 cm, the equation slightly overestimates the sequent 

depth ratio. This may be the cause of slight mismatch of result with the experimental 

data. For drop height, ∆z = 2 cm predicted value of D matches with the observed 

values in a satisfactory manner. For these cases plotted points lie above and bellow 

the line of perfect agreement in acceptable manner. For all drop heights with 

different channel slopes, percentage deviation varies from the actual data varies from 

–30.00% to +30.00%.  

 

 

 

 

 

 

 

(a) 
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(b) 

 
 (c) 

 
(d) 

 
 

Figure 6.31: D Vs F1 with drop height, ∆z = 6 cm; (a) Slope = 0.000, (b) Slope = 

0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 
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(a) 

 
(b) 

 
(c)  

 
(d) 

 
Figure 6.32: D Vs F1 with drop height, ∆z = 4.5 cm; (a) Slope = 0.000, (b) Slope = 

0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 



 

 

69
 
(a) 

 
(b) 

 
(c)  

 
(d) 

 
 

Figure 6.33: D Vs F1 with drop height, ∆z = 2 cm; (a) Slope = 0.000, (b) Slope = 

0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 6.34: Comparison between predicted D and observed D with drop height, ∆z 

= 6 cm; (a) Slope = 0.000, (b) Slope = 0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 

Line of perfect agreement 

Line of perfect agreement 

Line of perfect agreement 

Line of perfect agreement 
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(a) 

 
 (b)  

 
(c) 

 
(d) 

 
Figure 6.35: Comparison between predicted D and observed D with drop height, ∆z 

= 4.5 cm; (a) Slope = 0.000, (b) Slope = 0.0042, (c) Slope = 0.0083 (d) Slope= 

0.0125 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 6.36: Comparison between predicted D and observed D with drop height, ∆z 

= 2 cm; (a) Slope = 0.000, (b) Slope = 0.0042, (c) Slope = 0.0083 (d) Slope= 0.0125 
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Table 6.1: Statistical result of the performance of the prediction equation 
 

∆z = 6 cm, Channel slope = 0.0000 ∆z = 6 cm, Channel slope = 0.0042 
  

D (obs.) D (calib.) % deviation
 

D (obs.) D (calib.) % deviation
6.80  6.22  9.26

5.54  7.37  ‐24.76

5.59  7.61  ‐26.59

6.05  8.52  ‐28.96

6.60  8.73  ‐24.39

7.27  8.91  ‐18.35

8.89  9.65  ‐7.84

9.12  8.76  4.14

8.88  10.08  ‐11.99
 

5.54 6.88  ‐19.47

5.67 6.91  ‐18.02

5.41 7.71  ‐29.91

7.11 7.25  ‐1.90

6.50 7.37  ‐11.80

6.67 7.37  ‐9.51

9.58 9.00  6.42

7.95 9.38  ‐15.29

7.40 10.25  ‐27.84
 

  
∆z = 6 cm, Channel slope = 0.0083 ∆z = 6 cm, Channel slope = 0.0125 

  
D(obs.) D (calib.) % deviation

 

D(obs.) D (calib.) % deviation
6.03  6.35  ‐5.04

7.28  5.76  26.23

6.41  7.20  ‐10.96

6.47  7.88  ‐17.90

6.44  8.20  ‐21.42

6.54  8.17  ‐19.94

8.76  8.94  ‐1.99

8.60  8.96  ‐4.06

7.38  9.62  ‐23.24
 

5.89 6.46  ‐8.88

5.86 6.70  ‐12.56

5.53 7.69  ‐28.13

6.60 7.45  ‐11.35

6.75 7.30  ‐7.60

6.29 7.96  ‐21.00

9.95 8.59  15.80

9.68 8.42  14.98

8.68 8.78  ‐1.15
  

∆z = 4.5 cm, Channel slope = 0.0000 ∆z = 4.5 cm, Channel slope = 0.0042 
  

D(obs.) D (calib.) % deviation
 

D(obs.) D (calib.) % deviation
8.26  9.52  ‐13.21

8.64  8.41  2.64

9.00  8.36  7.65

5.86  7.33  ‐20.01

5.71  7.29  ‐21.62

5.56  7.48  ‐25.77

5.61  7.06  ‐20.46

5.54  6.70  ‐17.32

5.36  7.12  ‐24.73
 

8.26 8.52  ‐3.10

8.64 8.29  4.20

9.00 8.62  4.39

5.86 7.70  ‐23.90

5.71 8.09  ‐29.36

5.56 7.03  ‐20.99

5.61 7.44  ‐24.57

5.54 7.49  ‐26.12

5.36 7.28  ‐26.45
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∆z = 4.5cm, Channel slope = 0.0083 ∆z = 4.5 cm, Channel slope = 0.0125 
  

D (obs.) D (calib.) % deviation
 

D (obs.) D (calib.) % deviation
8.26  10.82  ‐23.65

8.64  10.93  ‐20.98

9.00  11.19  ‐19.58

5.86  8.19  ‐28.44

5.71  8.07  ‐29.19

5.56  7.62  ‐27.06

5.61  7.63  ‐26.42

5.54  6.64  ‐16.59

5.36  6.62  ‐19.02
 

8.26 9.70  ‐14.80

8.64 9.26  ‐6.78

9.00 9.55  ‐5.73

5.86 8.34  ‐29.75

5.71 8.13  ‐29.68

5.56 6.70  ‐17.12

5.61 6.22  ‐9.79

5.54 7.32  ‐24.43

5.36 7.52  ‐28.73
  
 

∆z = 2 cm, Channel slope = 0.0000 ∆z = 2 cm, Channel slope = 0.0042 
D(obs.) D (calib.) % deviation

 

D(obs.) D (calib.) % deviation
4.26  4.56  ‐6.68

4.06  4.35  ‐6.68

3.68  4.70  ‐21.78

4.89  4.89  0.13

6.05  4.72  28.05

5.90  4.64  27.28

6.26  6.03  3.77

6.94  5.64  23.05

6.53  5.50  18.65
 

5.12 4.19  22.28

4.16 4.18  ‐0.58

4.06 4.24  ‐4.14

6.04 5.40  11.75

5.80 4.79  21.11

5.26 4.58  14.83

6.46 5.63  14.81

6.40 5.45  17.53

5.82 5.31  9.51
  

∆z = 2 cm, Channel slope = 0.0083 ∆z =2 cm, Channel slope = 0.0125 
  

D(obs.) D (calib.) % deviation
 

D(obs.) D (calib.) % deviation
5.00  4.28  16.72

4.89  4.28  14.15

4.19  4.49  ‐6.63

6.78  5.61  20.88

6.35  5.07  25.21

5.41  5.00  8.11

7.13  6.93  2.83

6.59  6.29  4.75

5.61  5.57  0.61
 

4.80 3.99  20.31

5.05 3.98  26.86

4.88 3.97  22.85

6.81 5.25  29.76

6.69 5.26  27.23

6.83 5.42  26.12

6.79 7.09  ‐4.17

6.25 5.66  10.36

6.36 5.52  15.31
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6.6  Applicability of the Proposed Equation 

 

6.6.1 Introduction 

The new model is proposed for sloping channel with abrupt drop. The equation may 

work for the sloping channel. Analyses with the sloping rectangular channel are 

presented in subsequent article here. 

 

6.6.2    Sloping rectangular channel 

In the case of a sloping rectangular channel with no abrupt drop, modified Froude 

number will be corrected by the factor k2 only, in that case the equation will be like 

this: 

 
Where the factor k2 is a function Froude number. Figure 6.37 shows the graphs of D 

Vs F1 for different channel slopes (0.087, 0.175, 0.262 and 0.349). These results are 

compared with that for a jump in a horizontal channel, for a classical jump. This is 

evident from the figure that value of D increases with the increase in the value of 

channel slope. But from this figure it is clear that for a mild slope = 0.087, value of 

sequent depth ratio increases very sharply compared to the corresponding value in 

case of a classical jump. Whereas in case of other slopes the difference in predicted 

values are not very significant. This means, the prediction model does not predict the 

value of sequent depth ratio in case of sloping rectangular channel in a satisfactory 

manner. Actually the range of slope taken in the study is quite low. Very flat slopes 

are taken here. So the effect of slope is not well described by the prediction 

equations.   

Again the proposed equation is compared with the actual data for channel slope = 

0.0125 which is shown in figure 6.38. This figure shows closeness of the predicted 

value with the observed value. 
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Figure 6.37: Sequent depth ratio Vs Inflow Froude number for different channel 

slopes 

 
  

Figure 6.38: Sequent depth ratio Inflow Froude number with observed and predicted 

data for a rectangular sloping channel.  



CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Introduction 

The hydraulic jump in a sloping rectangular channel with abrupt drop have been 

studied under a wide range of experimental conditions, such as various combinations 

of drop height and channel slope, which has conducted in the Hydraulics and River 

Engineering Laboratory of WRE Dept., BUET. The conclusions so far obtained from 

the study and recommendations for further study are given in the subsequent articles. 

 

7.2 Conclusions 

Following conclusions can be drawn from the research carried out in this work: 

1. The theoretical equation (3.14) developed for predicting the sequent depth ratio 

of a free hydraulic jump permits simple and easy application in the design of 

sloping stilling basin with abrupt drop, because it avoids the graphical procedure. 

From the known variables like drop height, channel slope and Inflow Froude 

number the modified Froude number can be calculated.   

2. Use of prediction equation (equation 3.14) in a sloping channel with abrupt drop 

needs three parameter k1, k2 and k3 to modify the inflow Froude number. 

Theoretically the value of parameter k1 depends on the upstream depth, h1 and 

downstream depth, h2. After the analysis from the experimental data the modified 

equation is developed, where the factor depends on known variables Inflow 

Froude Number, F1. The parameter k2 depends on the dimensionless jump length, 

upstream depth, h1, downstream depth, h2, channel slope, θ and modifying factor 

K. After the analysis from all the experimental data a modified equation is 

developed to compute the parameter k2. The equation shows a reasonable 

accuracy of the prediction model. So the equation is taken as satisfactory. The 

value of parameter k3 depends on the upstream depth, h1, drop height, ∆z and 

channel slope, θ.   

3. The main difficulty arose in the sloping channel with abrupt drop is the tendency 

for asymmetric flow associated with large dead water zones and poor spreading 

of the inflow jet. 
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4. In case of hydraulic jump in a sloping channel with abrupt drop the sequent depth 

increases compared to classical jump. 

1.4 Recommendations 

Based on the present research, the following recommendations are made for further 

study: 

1. The sequent depth ratio of a sloping channel with abrupt drop was investigated 

here. Energy loss in the same condition should also be investigated. 

2. The highest value of F1 found in this experiment is 3.79. The whole study may be 

conducted for higher range of discharges so that higher range of Froude number 

can be achieved which covers the range of strong jump. 

3. Velocity distribution and pressure distribution at upstream and downstream of the 

jump can be observed. 

4. The main difficulty of the present study was the value of channel slope achieved. 

Here very mild slope was considered. From this range of channel slope a definite 

decision cannot be made. So the experiments should be conducted for higher 

range of channel slope. 

5. The result of the experiment should be simulated with a mathematical computer 

model. 
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