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ABSTRACT

The hydraulic jump used for energy dissipation is usually confined entirely to a channel
reach known as the stilling basin. The bottom of the basin is paved to resist scouring.
Designing a stilling basin for a given hydraulic structure involves considerations of
parameters peculiar to the location of the structure in addition to the mechanics of flow.
This feature makes the engineering design to rely rather heavily on the experience of the
designer. In practice, the stilling basin is seldom designed to confine the entire length of a
free hydraulic jump on the paved apron, because such a basin would be too expensive.
Consequently, accessories to control the jump are usually installed in the basin. The main
purpose of such control is to shorten the range within which the jump will take place and
thus to reduce the size and cost of the stilling basin. The control has additional
advantages, for it improves the dissipation function of the basin, stabilizes the jump
action, and in some cases increases the factor of safety. Stilling basins should be so
designed that not only a good jump with high energy-dissipation characteristics is formed
within the basin but it also is stable. The appurtenances in traditional stilling basins
include baffle blocks and sills to aid in the efficient performance over a wide range of
operating conditions. In the present work, the corrugated beds as an alternative to the
traditional control accessories have been studied.

Ead and Rajaratnam (2002) through experiments with hydraulic jumps on
corrugated beds for relative roughness t/y; values of 0.50, 0.43 and 0.25 and Froude
numbers ranging from 4 to 10 showed that the tailwater depth required to form a jump
was fou.nd to be appreciably smaller than that for the corresponding jumps on a smooth
bed. Also the length of the jumps was about half of those on smooth bed. The integrated
bed shear stress on the corrugated bed was about ten times that on smooth bed.

In the present study, further experiments are performed to evaluate the effect of relative
roughness t/y, over a larger range and the effect of the wavelength(s) of the corrugations.
The values of Uy, chosen are 0.55, 0.6, 0.65, 0.7, 0.75; s/y, values from 1.36 to 3.75 and
Froude number ranging from 1.7 to 7. The results supported the previous findings

pointing towards the usefulness of the corrugations in stabilizing the jumps.
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Chapterl
INTRODUCTION

1.1 General

Hydraulic jump is one subject which has been extensively studied in the field of
hydraulic engineering. It was first described by Leonardo da Vinci in the sixteenth
century. Bidone (1818), an Italian engineer carried out the first experimental
investigation of this phenomenon. Since then this intriguing and interesting phenomenon
has been studied by a number of researchers. Significant contributions are due to
Belanger in 1838, Bazin and Darcy in 1865, and Boussinesq in 1877. The concept of
sequent depths was generally accepted around 1930 when Safranez published his results.
Various elements of flow were analysed, including the height and length of the jump, the
shape of the free surface, the velocity profiles, the turbulence and pressure characteristics,
and the air entrainment. Up to the mid-Seventies, all studies were experimental because
of the complex two-phase flow and high degree of turbulence. The first computational
models were developed by Narayan (1975), McCorquodale and Khalifa (1983) and
Madsen and Svendsen (1983). Although there exist hundreds of papers on jumps,

knowledge is incomplete and research in this domain of hydraulics continues (Hager,
1995).

1.1.1 Definition

Hydraulic jump also known as a standing wave results where there is a conflict between
upstream and downstream control. The upstream control causes supercritical flow while
the downstream control dictates subcritical flow. The conflict can be resolved only if
there is some means for the flow to pass from one regime to another. Experimental
evidence suggest that flow changes from supercritical to subcritical very abruptly through
a phenomenon known as a hydraulic jump (Photograph 1.1). Thus, a hydraulic jump can
be defined as a rapidly varied transition from supercritical to subcritical flow in an open
channel. It is the basic phenomenon used to dissipate excess hydrodynamic energy,

mainly into heat (Hager, 1995).



Photograph 1.1 Hydraulic Jump (www.google.com)




The features of a hydraulic jump are:

- highly turbulent flow,

- pulsation in the body of jump,

- generation of tailwater waves,

- air entrainment,

- energy dissipation due to turbulence production,

- crosive potential, and

- generation of spray and sound.
The hydraulic jump may appear in two different ways:

- either with a varying location in a channel, depending on the boundary conditions,

- oras a means to dissipate excess energy in a stilling basin with a fixed location.

The hydraulic jump can take place either on free surface of homogeneous flow or a
density interface in stratified flow. In either case, the hydraulic jump is accompanied by
significant turbulence and energy dissipation. The high velocity flows as well as the
jump itself have excessive scouring potential and thus stilling basin design requires
provision of a concrete apron underneath the jump and the supercritical stream
(Hager, 1995).

1.1.2 Types of Jump
In a hydraulic jump, if the tailwater depth is less than the conjugate depth corresponding
to the pre-jump depth, the jump is repelled down while if the tailwater depth is greater
than the conjugate depth corresponding to the pre-jump depth, the jump moves upstream
and in some situations the jump is no longer free but gets drowned (Ranga Raju, 1993).
The United States Bureau of Reclamation (USBR) has made extensive studies of the
types of jump obtained at different Froude numbers. It has classified hydraulic jumps
formed in horizontal rectangular channels into five categories based on the Froude

number F, of the upstream supercritical flow, as follows (Subramanya, 1989):

1. Undular Jump: 1 <F;<1.7

The change from the supercritical state to the subcritical state is not abrupt and only a

slightly ruffled water surface is obtained. The sequent-depth ratio is very small and




efficiency of the jump 1 = AH/H,, defined as the mechanical head loss AH normalized by
the approach energy head H, =y, + Q¥ (2gb2y," ), is nearly equal to zero.

2. Weak Jump: 1.7 <F; <2.5

The surface roller develops at Fi= 1.7 and gradually increases in intensity towards the
end of this range. The energy dissipation is small, 1 is about 5 percent at F;= 1.7 and 18
percent at F) = 2.5. The downstream water surface remains smooth.

3. Oscillating Jump: 2.5 <F;<4.5

An instable high velocity flow oscillating in a random manner between the bed and the
surface forms the characteristic feature of these types of jumps. The oscillations produce
large surface waves which travel downstream. Energy dissipation is moderate; n = 45
percent at Fy = 4.5.

4. Steady Jump: 4.5 <F, <9

The jump is fully established with energy loss ranging from 45 to 70 percent. The jump is
least sensitive of the toe position to small fluctuations in the tailwater elevation.

5. Strong Jump: F, >9

The water surface is rough and choppy. The water surface downstream is also wavy. The
sequent-depth ratio is large and the energy dissipation may reach 85 percent.

The various types of the hydraulic jump are shown in Fig.1.1.
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1,13 Utility of Jump

The reason for such continued interest in this topic is its immense practical utility in
hydraulics and allied fields. It is mainly used to dissipate excess energy of water flowing
over dams, weirs, and other hydraulic structures and thus prevent objectionable scouring
downstream of the structures. Some of the other uses of hydraulic jump are: (a) to recover
head or raise the water level on the downstream side of a measuring flume and thus
maintain high water level in the channel for irrigation; (b) to increase weight on an apron
and thus reduce uplift pressure by raising the water depth on the apron; (c) to increase the
discharge of a sluice by holding back tailwater; (4) to indicate special flow conditions,
such as the existence of supercritical flow or the presence of a control section; (€) to mix
chemicals used for water purification; (f) to aerate city water supplies and polluted
streams; (g) to remove air pockets from water-supply lines and thus prevent air locking;

and even (h) to desalinate sea water (Subramanya 1989).

1.2 Brief review of literature _
There have been many investigations on the effect of the roughness elements on physical
parameters of hydraulic jump. The investigations carried out by Rajaratném (1968)
indicated that, if the hydraulic jump is formed on a channel having rough bed, the
tailwater depth y, required to form a jump could be appreciably smaller than the
corresponding sequent depth y,.. For a relative roughness of the bed in terms of the
supercritical depth y; equal to about 0.4, y, could be as small as 0.8y,+, which is
significant when it is realized that the tailwater depths required for Peterka’s Basins II
and Il * 3ve = 083 a~d0.97 timed Jyaw © 707, respectively. Studies by Hughes
and Flack (1984) and Hager (1992) have supported this reduction in the required
tailwater depth produced by the roughness of the bed. Rajaratnam (1968) further noticed
that the length of the jumps on rough beds were significantly shorter than the classical
jump. .

In practice, baffle blocks and sills are commonly employed to stabilize the location of
a jump and shorten the length of a stilling basin. The main problem with jumps on rough
beds is that the roughness elements located in the upstream part of the jumps might be

subjected to cavitation and possible scour, resulting in the movement of the jump to the



downstream unprotected streambed, thus causing erosion and endangering the structufe
itself. The study by Ead et. al. (2000) on turbulent open channel flow in circular
corrugated culverts indicated that the intense mixing induced by the corrugations
produced significant Reynolds shear stresses in the plane of the crests of the corrugations
and significant reduction in the velocity field above the corrugations. It looked that, if
jumps were made to occur on corrugated beds, significant reductions might occur in the
required tailwater depth and length of the jumps. Further, if the crests of the corrugations
were at the level of the upstream bed carrying the supércritical stream, the corrugations
would not be protruding into the flow and hence may not be subjected to the same
intensity of cavitation as in the case of protruding roughness.

Recently an exploratory laboratory investigation was performed with hydraulic jumps
on corrugated beds by Ead and Rajaratnam (2002) for relative roughness ty; values of
0.50, 0.43 and 0.25 with Froude numbers ranging from 4 to 10. The tailwater depth
required to form a jump was found to be noticeably smaller than that for the
corresponding jumps on smooth beds. Also the length of the jumps was about half of
those on smooth beds. The integrated bed shear stress on the corrugated bed was about
ten times that on smooth beds. The results of the study showed that the idea of using
corrugated beds for energy dissipation for hydraulic structures is a good one and needs
much attention.

In the light of the observations of the above work and to gain a clear ground the idea
of corrugated beds were explored further. The research was extended to get an insight
into the effect of larger range of the relative roughness values and also to study the effect
of the wavelength of the corrugations. The present study is devoted to help develop the
theme of using the corrugated channel beds covering the basin as an effective parallel

alternative to the accessory devices such as baffle blocks and sills.



1.3 Objectives of the present study

Previous study on corrugated bed reveals that corrugations of beds do affect the different
parameters of hydraulic jump. However, those parameters of hydraulic jump were found
invariable to the dimension of corrugation in the range of the data studied. The work of
the previous investigators has been extended to examine the effect of corrugations on the

different parameters of the jump for the wide range of the corrugation dimension.

Thus the following objectives were set for the present study-

a) To perform the experiment of hydraulic jump on both smooth and as well as the
corrugated bed for different corrugation dimension.

b) To analyze the data collected in the present study and data of the previous
investigators so as to examine the effect of the corrugation dimensions on the different

parameters of hydraulic jump.

1.4 Limitations of the study

The following limitations were encountered during the course of the present study-

a) The corrugations of the fabricated sheets were not exactly sinusoidal.

b) The experiments could not be performed for higher values of Froude number due to

the limitations on the discharge obtained from the pump.



Chapter2
REVIEW OF LITERATURE

2.1 General

A jump formed in a horizontal, wide rectangular channel with a smooth bed is often
referred to as the classical hydraulic jump and has been studied extensively (Peterka
1958; Rajaratnam 1967; McCorquodale 1968; Hager 1992). The classical hydraulic jump
is a basic physical phenomenon that is commonly used in stilling basin. In the present

chapter the main characteristics of a hydraulic jump and different methods to control the

jump are studied.

2.2 Characteristics of Classical Jump
Fig. 2.1 shows the definition sketch of a hydraulic jump. At the toe of the jump, the flow

depth is y;, and the average velocity is U, = Q/ (by,) with Q = discharge and b = channel
width. At the end of the jump the depth is y;+ and the velocity Us,.

Y

Yae

Fig.2.1 Definition sketch of hydraulic jump



The hydraulic jump is a quasi-steady phenomenon, although highly turbulent. The inflow
jet is at the bottom in the region near the toe, and expands upward in the central part of
the jump. Close to the free surface, the roller flow zone marked by a highly turbulent
separation region with a return flow is located. At the end of the roller, the forward flow
extends over the entire flow depth, and a surface stagnation point forms. Beyond the end
of the jump, the flow is practically not disturbed by the formation of jump (Hager, 1995).

The ratio of sequent depths is a fundamental characteristic of the classical jump.
Under the assumptions that: (a) the velocity distribution is uniform and the pressure
distribution is hydrostatic at the two ends of the jump, (b) the bed is horizontal and the
channel has a rectangular prismatic section, (c) the boundary shear stress is negligible, (d)
effects of air entrainment are negligible, (e) the tailwater depth is the temporal mean
value of its fluctuations; the momentum equation can be used to derive the well-known
Belanger’s equation for the sequent depth ratio

Xa:%[qwm] @.1)

Vi

2ot s @2)

AN

where Fy = Ui/ /gy, and F, = Uy/ /gy, are upstream and downstream Froude numbers
with g being the aceeleration due to gravity. The Froude numbers are an index of the free
surface flow (Hager, 1995).

Equation (2.1) may be represented by the curve in Fig.2.2. This curve has been

verified satisfactorily with many experimental data and has been found to be very useful
in the analysis and design for hydraulic jumps (Chow, 1973).

For very small F, i.e. F/<0.05 the following equation should be used (French, 1994):

X aR2 _4pd s

. =2F; —4F, +I6F; .3)
For Fi > 2, Eq. (2.1) may be approximated as (Hager, 1995):

y2¢ o _J_ 1

22 _Jo2F =L

¥, T (2.4)
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J — Belanger plot
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Fig.2.2 Plot between F; and y+/y; for hydraulic jump in a horizontal rectangular channel
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Figure 2.3 Length of the hydraulic jump on a horizontal floor
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Thus, the sequent depths ratio is essentially proportional to F,. For a given approach flow
depth y, an increase of discharge thus yields a proportional increase of tailwater depth
Yae.

According to Hager and Bremen (1989), a scale-effect due to viscosity is negligible if
the discharge is not too small. So for using Eq. (2.4), the discharge per unit width Q/b
should be greater than 0.1 m/s.

A proper design of a jump-type stilling basin requires that the entire jump be contained
within the basin at all discharges. This is possible only if the length of the jump Lj+ can be
predicted. The length of the jump is defined as the horizontal distance between the toe of
the jump to a section where the water surface becomes essentially level after reaching the
maximum depth. Some error in judgment in the estimation of length in hydraulic jump is
to be expected because the downstream end of the jump cannot be located with a great
degree of precision. The data on the length of the hydraulic jump generally show some
scatter for this reason. One has to rely on considerable empiricism in predicting the

length of the jump. Experimentally, it is found that L;+/y,« = f (F;). From the data of
Bradley and Peterka (1957a),

L, -
£ = 10, tanh[F 1=t } 2.5)

yl aj

with a; = 22. Using Eqs. (2.1) and (2.5) Bradley and Peterka have given the variation of
Lj+/y,» with F, as shown in Fig. 2.3. This curve is used in general. From the figure, it
follows that while L;+/y2« depends on F, for small values of the inlet Froude number, at
higher values (i.e., F;>5) the relative jump length Lj+/y,« is practically constant at a value
of 6.2. For4 <F; <12, a simple approximation to Eq. (2.5) is Lj» = 6y,+. Elevatorski
(1959) has given the following expression for the length of the jump,

Lj»=6.9 (y2» —y1) (2.6)
The length of the surface roller is smaller than the length of the jump. The roller length
increases from about 0.4L;» at F1=3 to about 0.7L;+ at F;=9. Beyond the end of jump, the
flow is practically not perturbed by the jump (Ranga Raju, 1993).

The free surface profile may vary as much as 0.2(y;+-y).

The efficiency 1 = AH/H; of the classical jump is equal to the mechanical head loss

AH normalized by the approach energy head H,. In terms of F;,

12
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where Ef, and Ef, are the pre-jump and post-jump specific energies.
The above equations for hydraulic jump elements have very high accuracy and are

applicable for a very wide range of values of discharge intensity and head loss without

any limitations in comparison to other methods attempted so far.

2.3 Stabilization of Jump

If the tailwater depth is equal to the sequent depth yas corresponding to the given
supercritical depth, the jump is formed at the toe of the structure. However, if the
tailwater depth is larger {or smaller) than the required conjugate depth, the jump can be
drowned (or repelicd). In practice, one should anticipate a situation when the tailwater
depth is not equal to the required conjugate depth at all discharges. Ideally, the jump
should form close to the structure and certain appurtenances are used to control the

location of jump, i.e., to force the jump to occur at a desired location. The jump is then
known as a forced jump (Ranga Raju, 1993).

The hydraulic jump can be controlled or effected by sills of various designs, such as
sharp-crested weir, broad-crested weir, abrupt rise and drop in channel floor. The silt
ensures the formation of a jump and controls its position under all probable operating
conditions. Beside sills, channel enlargement and contraction may also be resorted to for

controtling the jump. Recent research on this subject has brought out the usefulness of the

13



corrugated beds as an alternative method of jump stabilization. Various methods to

control the jump are briefly discussed below (Chow, 1973).

2.3.1 Control by Sharp-crested Weir

Based on the analysis of experimental data, Forster and Skrinde have given a diagram
shown in Fig. 2.4, depicting the relations among (a) Froude number F; of the approaching
flow, (b) the ratio between the weir height h and the approaching depth y,, and (c) the
ratio between the distance X from the toe of the jump to the weir and the depth y,
upstream from the weir. This diagram is used to analyze the effect of a given weir for
known approach and tailwater conditions, provided that the normal tailwater depth y3
does not affect the discharge over the weir crest; i.e., provided y; <y, — 0.75h. _

If a point lies within the curves, jump will occur at a position indicated by
interpolating for X/y,. Points lying above and to the left of an interpolated curve
represent the conditions when the weir is too high forcing the jump upstream and
possibly drowning at the source. Points lying to the right of the curve represent the
conditions under which the weir is too low, so that the jump is forced downstream,

possibly washing out. For designing, curve X/y, = 5 should be used (Chow, 1973).

2.3.2 Control by Broad-crested Weir

For a broad-crested weir the relation between h/y, and F, is shown in Fig. 2.5. But, this
curve may be used only if the downstream depth is lower than the critical depth on top of
the weir, i. e., if y3 < (2y2 + h)/3, as the tailwater will not affect appreciably the relation
between the head water elevation and the discharge. A broad-crested weir is
advantageous to use as it has greater structural stability than a sharp-crested weir and

usually requires low cost of excavation than an abrupt rise (Chow, 1973).

2.3.3 Control by Abrupt Rise and Drop
If the tailwater depth is less than the sequent depth corresponding to the subcritical flow
depth, the steady location of the hydraulic jump within the stilling basin is obtained by

means of the bottom rise. On the other hand if the downstream depth is more than the
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sequent depth for a normal jump, a drop in the channel floor must be used in order to
ensure a jump.

Depending on the tailwater depth, the locations of jump are different. A-jump is
entirely located at the upstrearﬁ zone of step and its roller ends just at the step. Lowering
the tail water depth changes the A-jump to B-jump. The B-jump is defined as a jump at
the down most position before it breaks into two distinct portions, namely a wave above
the step and a downstream hydraulic jump. Depending on relative step size S = s'lyy, s'
being the rise or drop, the flow zone behind the step may be aerated or non-aerated.
Regarding energy dissipation only A- and B-jumps are of interest, since the wave types
yield supercritical flow at the downstream zone of the step.

A-jump is characterized by nearly hydrostatic pressure and uniform velocity
distribution both at the toe of the jump and at the end of roller. If sequent depth ratio is
represented as Y, for the case of abrupt rise the application of momentum equation in
longitudinal direction of flow yields (Hager and Bretz, 1986):

F = Z%J (2.12)
By accounting properly for the pressure distribution at the step the corresponding relation

for B-jump for abrupt rise is

) Y[(Y+S)’ +S? —1]
A== @)

Similarly, for the case of abrupt drop, the sequent depth ratio for A-jump is given by
2
F} =Y(Y“S) ~ ! (2.14)
2 -1)
and for zero pressure on the step for B-jump

=Y|Y~’-S2-1|

F.?
! 2r-1)

(2.15)
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2.3.4 Control by Channel Enlargement and Contraction

If the tailwater depth is larger than the sequent depth corresponding to the subcritical
flow depth, the steady location of the hydraulic jump within the stilling basin can also be
obtained by means of channel enlargement. On the other hand, if the downstream depth is
smaller than the sequent depth for a normal jump, a contraction in the flow width can be
used in order to ensure a jump.

For the case of gradual rectangular expanding channel the relation for the sequent
depths in terms of the inflow Froude number F; and width ratio B = B/b, where B =
downstream channel width, is given as (Hager, 1985):
p2 (B Ny’ -1)pr

4(pr-1)
Asymptotically Eq. (2.16) may be simplified to

2 |
/ﬁ?(ﬁF’ ‘5] @17)

which always gives slightly lower values than Eq. (2.16).

(2.16)

Y

1]

For the case of abrupt enlargement, the following equation applies:

F o pY\gY? -1

2.18
! Z(ﬂY _ 1) ( )
Asymptotically Eq. (2.18) may be simplified to,
Y =L(J§F, —1) (2.19)
B 2

Baffle blocks are used to control the hydraulic jump in stilling basins when there is
deficiency of tailwater depth. The chute blocks are used to form a serrated device at the
entrance to the stilling basin to assist in splitting and furrowing the incoming jet and lift a
portion of it from the floor, producing a shorter length of jump. Baffle blocks dissipate
energy by impact action. The end sill lifts the outgoing stream thereby controlling scour.
The effect of these appurtenances is to shorten the stilling basin length to 2.7y,« in USBR
type 11 stilling basin as against 6.1y,+ required for a free hydraulic jump. Also, the

minimum tailwater depth required is 0.83y»+ as against y,« for an unaided jump.

17



2.3.5 Control by Corrugated Beds

The main concern with jumps on rough beds is that the roughness elements located in the
upstream patt of the stilling basin might be subjected to cavitation and pqssible erosion,
resulting in the movement of the jump to the downstream unprotected streambed, thus
causing erosion and endangering the structure itself. The study by Ead et. al. (2000) on
turbulent open channel flow in circular corrugated culverts indicated that the intense
mixing induced by the corrugations produced significant Reynolds shear stresses in the
plane of the crests of the corrugations and significant reduction in the velocity field above
the corrugations. It looked that, if jumps were made to occur on corrugated beds,
significant reductions might occur in the required tailwater depth and length of the jumps.
Further, if the crests of the corrugations were at the level of the upstream bed carrying the
supercritical stream, the corrugations would not be protruding into the flow and, hence,

may not be subjected to the same intensity of cavitation as in the case of protruding
roughness.

Recently, an exploratory laboratory investigation was performed with hydraulic jumps
on corrugaled beds by Fad and Rajaratnam (2002) for relative roughness ty, values of
0.50, 0.43 and 0.25 with Froude numbers ranging from 4 to 10, Figure 2.6 shows a
definition sketch for free jumps on corrugated beds. The tailwater depth required to form
@ Jump was found to be noticeably smaller than that for the corresponding jumps on
smooth beds. The tailwater depth required to form jump on corrugated beds was found to
be reduced to three-fourths of that on smooth bed. Also, the length of the jumps was
about half of those on smooth beds, The integrated bed shear stress on the corrugated bed
was about ten times that on smooth beds. The results of the study showed that the idea of

usi issipati
Ing corrugated beds for energy dissipation below hydraulic structures
needs much attention.

Rakud (2003)

is a good one and

b | at lIT Roorkee has validated the results of Fad and Rajaratnam (2002)
Y conducting experiments of hydraulic jump on corrugated bed at three val

relative roughnesses 0.20,0.43, and 0,70 of the bed o
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2.4 Concluding Remarks

Various methods to stabilize the jumps have been discussed in this chapter. It is seen
that if the downstream depth is more than the sequent depth for a normal jump, one goes
for abrupt drop or channel enlargement. On the other hand, if the downstream depth is
inadequate for the jump to form, the options are rise in bed level and baffle blocks. Also,
the option of corrugated beds is being explored to reduce the downstream depth
requirement to form a jump. '

During the review it was found that the study on corrugated beds needed much
attention and with a view to carry forward the previous work the objectives were set for
the present study. Broadly speaking, the study of the effects of the dimensions of the

corrugated sheet on various parameters of the jump was set as the main objective.
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Chapter3
EXPERIMENTAL PROGRAMME

3.1 General

This chapter describes the experimental work carried out for the present study.
Experiments were conducted in the Hydraulic Laboratory of the Department of Civil
Engineering Department at IIT Roorkee. First experiments were performed on smooth
bed for different discharges under different gate openings. Then fabricated corrugaied
sheets were placed in the flume and the experiments were performed on them for the

same discharges and same gate openings as those used for the smooth bed.

3.2 Experimental Set-up

The experiments were conducted on a rectangular flume 0.3m wide, 0.8m deep and
5.0m long. The flume was framed with side glass wall. The bed surface was smooth with
a cement plaster. The flume had two gates, one at the inlet end and the other one i.e., the
tailgate was provided just before the end of the flume. Water entered the flume under the
sluice gate with a streamlined lip, thereby producing a uniform supercritical stream with a
thickness of y;. The tailgate was used to control the tailwater depth in the flume. Fig. 3.1
shows the sketch of the experimental set-up. The flume is equipped with circular pipe
rails (parallel to the bed) to hold movable instrument platforms for mounting point
gauges. A triangular notch was provided at downstream of the tailgate to measure the
discharge in the flume. A constant head tank was used to cause flow of water into the
flume, discharge being controlled through a valve. Corrugated G.I/PVC sheets were
nailed on the bed of the flume in such a way that the crests of corrugations were at the
same level as the upstream bed on which the supercritical stream was produced by the
sluice gate (Photograph 3.1). The sheet was fixed over the full width of the flume for a
length of 105cm. The corrugations acted as depressions in the bed, to create a system of
turbulent eddies which might increase the bed shear stresses. Eight corrugated sheets,
with nearly sinusoidal corrugations of wavelength s perpendicular to the flow direction,

and amplitude t were used for the study. The details of the sheets are shown in Table 3.1.
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discharge in the flume. A constant head tank was used to cause 11owW 01 waw. __.__ .
flume, discharge being controlled through a valve. Corrugated G.I./PVC sheets were
nailed on the bed of the flume in such a way that the crests of corrugations were at the
same level as the upstream bed on which the supercritical stream was produced by tl;le
sluice gate (Photograph 3.1). The sheet was fixed over the full width of the flume for a
length of 105¢cm. The corrugations acted as depressions in the bed, to create a system of
turbulent eddies which might increase the bed shear stresses. Eight corrugated.sheets,
with nearly sinusoidal corrugations of wavelength s perpendicular to the flow direction,

and amplitude t were used for the study. The details of the sheets are shown in Table 3.1.
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Fig. 3.1 Sketch of Experimental Set-up
Table 3.1 Details of Corrugated sheets
Sheet no. Amplitude (t mm) Wavelength (s mm) ]
1 15 75
2. 20 50
3. 20 60
4. 25 62
5. 25 75
6. 25 100
7. 25 125
L 8. 35 140
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Photograph 3.1 Corrugated sheet placed on the flume bed
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3.3 Experimental Procedure
Hydraulic jumps were produced on the smooth horizontal bed for three different
discharges for every gate opening. The tailgate was adjusted such that the hydraulic jump

will form at 20mm downstream of the upstream gate. The upstream gate opening (y;) for
the jump on the smooth as well as on the corrugated bed was adjusted according to the
designed relative roughness (for jump on corrugated bed) of 0.55, 0.60, 0.65, 0.7 and
0.75. For the measurement of the discharges, a triangular notch was provided at
downstream of the tailgate. Measurements of the depth of the water-flow were made in
the vertical centerline plane of the flume. Although, the measurements of the length of
the jumps were made up to the point where the depth becomes constant, still the accuracy
involved was based on the judgment of the observer.

The jumps on corrugated bed were performed with PVC/G.I. corrugated sheets placed
on the bed of the flume such that the crests of the corrugations were at the level of the
upstream bed carrying the supercritical flow and subcritical flow (Photograph 3.2).
Hydraulic jumps are formed for three different discharges corresponding to each gate
opening. Experiments were performed for five different gate openings, giving a set of
fifteen readings for each sheet. Eight sheets having different combinations of s and t are
used. The discharge as well as the inlet gate opening for the experiment on smooth bed as
well as on the rough bed was kept the same. No corrections were made to account for
turbulence. The Reynolds number R;=pU;y /v was in the range of 47936-93000. Five
values of the relative roughness, defined as the ratio of the amplitude of the corrugations
to the supercritical depth just before the jump, t/y; of 0.55, 0.60, 0.65, 0.70, and 0.75

were used. The value of s/y; ranges from 1.36 to 3.75.

3.4 Data Collection
The data collected during the present experimental study are furnished in Appendix-I.

The data of the study of Ead and Rajaratnam (2002) are presented in Appendix-II while
the data of Rahul (2003) are given in Appendix-I11.
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The range of different parameters used for analysis in the present study along with those

of the previous studies are presented in Table 3.2.

Table 3.2 Range of Data for different studies

Parameter Present study Ead and Rajaratnam Rahul
Amplitude t (mm) 15-35 13-22 15
Wavelength s (mm) 60-140 68 75
Pre-jump depth y; (cm) 2106.36 2.54105.08 217t 7.5
Discharge intensity q 0.048 to 0.093 0.051 to0 0.207 0.042 to0 0.164
(m*/s/m)
Post-jump depth y, (cm) | 0.098 to 0.142 0.104 t0 0.310 0.116 to 0.186
Length of jump (m) 0.37t0 0.62 0.41t01.29 0.44 t0 0.58
3.5 Concluding Remarks

In this chapter, the details of the experimental set-up and procedure along with the
details of the data collected were summarized. The data used in the present study offers a
wide range of values. Next the entire composite data of all the studies is to be analyzed to

obtain the results.
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Chapter4
ANALYSIS OF DATA

4.1 General

First of all dimensional analysis is performed using Buckingham’s Pi-Theorem to
find out the functional relationship for the tailwater depth and length of the jump on
corrugated beds. Thereafter, verification of Belanger’s equation has been done for the
observed data of smooth bed. Then, the data collected in the present study have been
analyzed along with the data of Ead and Rajaratnam (2002) and Rahul (2003) and the
results relating to the tailwater depth, the length of the jump and the integrated shear

stress have been discussed in this chapter.

4.2 Dimensional Analysis
For a jump on smooth bed with supercritical depth y, and mean velocity Uy, the

depth at the end of the jump y,+ may be written as

2o = fi (y1, Uy, g, 95 ) 4.1)
where p = mass density and p = dynamic viscosity of the fluid.
From Belanger’s equation it is known that,

}_’2_.=f2(F]) “2)

Y
For a jump on a corrugated bed, the bed characteristics, that is, corrugation amplitude t
and wavelength s, are also supposed to influence the depthrat the end of the jump y

besides y, and U, and, hence, one may write,

y2 = f3 ()’l, U]s g, Ps M, ta S) (4'3)

Using the Pi theorem, it can be shown that

“‘l=f4(ﬂ= STy D I S] (4.4)

Vi Vg, H yl’yl
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For large values of the Reynolds number (involved in this study), viscous effects may

be neglected (Rajaratnam 1976; Hager and Bremen 1989) and Eq. (4.4) reduces to

Zi=f5(1f,,i,i] (4.5)
Vi Yi Vi
Using Eq. (4.2) one can rewrite Eq. (4.5) as
. ! s
Y2 o fd(:})_?._,..._,._J (4.6)
V) Yo Y1 Vi
. t
Or Y= Vs _ f{_,i] (4.7)
Yo Yi Vi
Performing a similar dimensional analysis for the length of the jump on corrugated beds
yields,
L.-L - ([t s
L=/, (—,—] (48)
L, Yi Vi
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4.3 Verification of Belanger’s Equation

First the data obtained for the tailwater depth for smooth beds are verified with the
Belanger’s equation to check the consistency of the data observed. As Belanger’s
equation give conservative values, so actual data points in Fig. 4.1 should lie below the
line obeying the Belanger’s equation. But, one finds that the observed data for smooth
bed very nearly satisfy the Belanger’s equation (in fact, for higher Froude number, the
data points lie above the line). Although this signifies some error in the observations still

one can use the smooth bed data for the analysis as the error will be small.

10.00

8.00

7.00

6.00
i 5.00

4.00

——Belanger's Eq.
- 8 Present study

1.00 e

00 10 20 3.0 40 50 6.0 7.0 8.0
Fy

Figure 4.1 Verification of Belanger’s Equation
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4.4 Tailwater depth for hydraulic jump on corrugated bed

To see the effect of the amplitude and wavelength of the corrugations on the tailwater
depth, two graphs were plotted. The first between (y,«-y2)/y2+ and t/y, for three different
range of s/y;, 1 to 2,2 to 3, 3 to 4. The second one is plotted between (y2+-y2)/y2+ and s/y;
for different values of t/y,. For both these plots, entire composite data of the present study
and those of Ead and Rajaratnam (2002) and Rahul (2003) have been used.

From the plots, one finds that, for the range of data studied here, the amplitude and the
wavelength do not affect the tailwater depth. In the study of Ead also, the tailwater depth
was shown to be independent of the relative roughness. This is so because the crests of
the corrugations being at the level of the upstream bed level, the corrugations act more
like cavities and, hence, the channel bed roughness is almost constant. Further, from both
the graphs Fig. 4.2 (a) and (b) it can be shown that,

Y=Y _g04 | (4.9)
Vs, ,
Or, y2 = 0.76y2+ (4.10)
Substituting for y»« from Eq. (2.1),
%=92Z§—(-1+\/1—557) @.11)
1
From Fig. 4.3 one finds that Eq. (4.11) reduces to

Yiap (4.12)
Vi

Hence, the tailwater depth required to form a jump with corrugated beds was found to be
nearly 76% of that required on smooth beds. This emphasizes the usefulness of the

corrugated beds when the tailwater depth is not adequate.

30



0.35}
03
a
o .
0.25 ]
—a
»
a
0.2 PN E | R " :
N i L]
A a * syl=to2
5 B sy1=2103
& A sy1>3
=~ 015 s N — —Y=0.24
0.1 e
0.05
0 — ; . - . , :
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
ty,
Figure 4.2(a) Variation of (y2+-y2)/y,+ with t/y, for different range of s/y,
0.35
03
N . -
x . ea ¢ 2 . * .
M
025 - T ;:. P L R o Wy1=025
T PR N IR o
x x o . x ¥ ':x s Wis0s
02 8 &
£ ] X ty1=055
?'.' x ty1=0.60
N
2 o1 e . ® ty1=0.65
+ Wi1=0.70
- W1=075
0.1 = - = ——Y=0.24
0.05
[ —_— — v v v - v
0 [+X-] 1 1.5 2 2.5 3 35 4
8y,

Figure 4.2(b) Variation of (y;»-y2)/y2+ with s/y; for different t/y,

31




'é- 6 ¢ Equation
> —y2lyi=F1
4
2
/
.
0 —r v -
0 2 4 6 8 10 12

Fy
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4.5 Length of hydraulic jump on corrugated bed

First, the data for normalized length of the jump, Lj/y2+ on smooth beds were plotted with
Froude number. This was found to follow Bradley-Peterka curve for the length of the
hydraulic jump on a horizontal smooth floor. From the plot, it was found that while Lj/y;s
depends on F; for small values of the inlet Froude number, at higher values (F,>5) the
relative jump length L;/y,« becomes practically constant at a value of 6.1. Next, plot for
the relative jump length L;/y,+ on corrugated beds is prepared. From Fig. 4.4, it can be
concluded that the length of the jump on corrugated beds is independent of the Froude
number and is nearly thrice of the tailwater depth from the Belanger’s equation,

L
— =3 (4.13)
Vo

8 classical

'y A f A
!!‘ ‘A‘i ‘éhll S SN N A a A corrugated bed
34
2
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Figure 4.4 Variation with F; of normalized length of jump L/y2+
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4.6 Shear stress under hydraulic jump on corrugated bed

The reason attributed for the small downstream depth y, of these jumps on corrugated
beds is the existence of increased bed shear stresses. If F; is the integrated bed shear
stress on the horizontal plane coinciding with the crests of the corrugations, it can be
found using the integral momentum equation

Fo=(P1-P2) + (M- M) (4.14)

Where Py, P; and M, M, = integrated pressures and momentum fluxes at the sections just
before and after the jump. Using the relation F; = £;M,, Eq. (4.14) can be reduced to the
form (Ead and Rajaratnam, 2002),

3
(&) ~(1+2F7 -2g1F12{ﬁJ+2F12 =0 (4.15)
M Yi

Equation (4.15) reduces to the Belanger’s equation when the shear force on the bed is
neglected. Substituting Eq. (4.12) in Eq. (4.15), one obtains,

_(F/-1)

g = 4.16
: o7 4.16)

The shear force coefficient introduced by Rajaratnam (1965) was defined as € = F, /
pgy:*/2. Using Egs. (4.12) and (4.14), it can be shown that (Ead and Rajaratnam, 2002)

e=¢2F* = (F}-1)? 4.17)
Using F-=¢P; in Eq. (4.14), it can be shown that (Ead and Rajaratnam, 2002)

2
e{]—(&) }&f{y?:y'] (4.18)
Vi V1Y,

Rajaratnam (1965) has shown that for jumps on smooth bed shear force coefficient ¢ is

very small and increases slowly to attain a maximum value of 9 at Froude number 10. In
contrast, one finds from Fig. 4.5 that for jumps on corrugated beds, € increases
exponentially attaining a high value of 75 at Froude number 10. The trendline following
the present analysis is given as,

£=092F7 —1.74F, +1.32 (4.19)
This validates the findings behind the decreased tailwater requirements in corrugated

beds as the decrease is, obviously, a result of the increased bed shear stress.
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beds as the decrease is, obviously, a result of the increased bed shear stress.
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Figure 4.5 Variation of shear force coefficient with Froude number
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Suggestions-

1. Before this idea can be used in practice, it would be useful to carry out further
investigations to evaluate the effect of s/y, over a still larger range.

2. Further, the idea of using a configuration such that the crests of the corrugations are
partially below the upstream bed level and partially protruding into the flow should also
be explored, where the corrugations may not be subjected to the same intensity of
cavitation as in the case of fully protruding roughness and still one may expect a fruitful

reduction in the tailwater depth.
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DETAILS OF DATA

y» = tailwater depth on smooth bed
2= tailwater depth on corrugated bed
Ly = length of roller en corrugated bed
L; = length of jump on cormugated bed
L;s =length of jump on smooth bed

q = discharge intensity = discharge per unit width of flume

Fy = Froude number = U
o,

R, = Reynolds number = Bgﬁ’-
v

14

¢ = shear force coefficient = ;
/1
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